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Abstract 
In 1969 the first petroleum discovery was made on the Norwegian continental shelf. This 
founding marks the beginning of what has become the most important contribution to the 
Norwegian economy. Advanced research within the field and development of techniques 
and equipment has been necessary in the ongoing work, and the technology has come a long 
way since 1969. However, when it comes to one of the most important parts of the drilling 
operation, namely the drilling fluid, the techniques used today are largely based on the same 
techniques used over 20 year ago. Today, the properties of the drilling fluid are manually 
measured in interval of 15 minutes. By obtaining an automatic update of the drilling fluid 
measurements, errors caused by human inaccuracy or uncertainties in old-fashioned 
measurement techniques, can be avoided. It will also be highly significant for the field of 
automated drilling operations. In this thesis, the functionality of the drilling fluid and the 
possibility of using unscented Kalman filters to estimate drilling fluid properties have been 
studied. The implementations were divided into two cases; Case 1 and Case 2. 
In Case 1 the theory behind the Instrumented stand pipe was applied on pressure 
measurements made in the annulus. Two systems were used in this case to generate test-
data (system inputs and available measurements). A simple model simulating two 
differential pressures; one over a vertical annulus section, and the other one over a nearly 
horizontal annulus section, was first implemented in Simulink®. Based on test-data from this 
model the unscented Kalman filter was used to estimate the drilling fluid properties density 
and plastic viscosity. Secondly, the unscented Kalman filter was executed with test-data from 
the advanced drilling simulator WeMod.  
In Case 2, the unscented Kalman filter from Case 1 was combined with an unscented Kalman 
filter estimating the mud pump pressure, choke pressure, flow through the bit, and a 
geometry parameter. Also in this case, the unscented Kalman filters were tested in two 
scenarios. First by using test-data from a simple model of a drilling system implemented in 
Simulink®, and secondly by using test-data from WeMod. In this thesis it was found that in 
the scenarios where test-data were generated by the Simulink® models, the unscented 
Kalman filter estimating density and plastic viscosity had an acceptable performance. In the 
scenarios were test-data from WeMod was used, the unscented Kalman filters estimating 
density and plastic viscosity did not perform as desired. It found that the frictional pressure 
loss in the vertical and horizontal annulus sections were different in the WeMod simulation, 
which may partly be the reason for way the filters did not managed to estimate the right 
density and plastic viscosity. 
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1 Introduction 
Since the first discovery of petroleum on the Norwegian shelf in the late 1960s, new 
technology and equipment have been developed in order to automate and optimize the 
production. However, when it comes to the drilling operation there is still room for 
improvement. 
The drilling fluid, also known as mud, is one of the most important parts of the drilling 
operation. Some of its main objectives are to ensure that the formation is kept stabile, 
transport cuttings out of the well, and lubricate and cool the drilling equipment [1]. In other 
words, the drilling fluid maintains the safety at the rig and the progress of the drilling.   
The performance of the drilling fluid is depended on the composition of the fluid and the 
conditions in the well. Since the conditions in the well changes throughout the drilling 
process, changes must also be made to the drilling fluid in order for the fluid to perform as 
desired. Today, these changes are primarily made manually by an engineer. The engineer 
performs tests on samples of the fluid in order to find its characteristics. Based on the results 
of these tests and experience, in addition to knowledge about the formation, the drilling 
process and additives, the engineer makes alterations to the composition of the fluid [1], [2]. 
In most of the tests that are performed, old-fashioned measurement techniques are used. 
This may introduce several uncertainties in the measurements [3].  
Rheology1 and density are two of the main properties of the drilling fluid. However, these 
are manually measured only in intervals of 15 minutes. This may have been an appropriate 
interval during the first drilling operations in the 1970s, but with today’s complex drilling 
fluid compositions, the accuracy and timing of the measurements are challenged [3].  
Human inaccuracy, uncertainties in measurements and decisions made on old data may lead 
to a non-optimal control of the drilling fluid. If the drilling operation is not running under 
optimal conditions, there is a higher risk for kicks and a blow-out. In addition to the safety 
issue, there is also a financial aspect. Firstly, the control of the downhole pressure is 
depended on the drilling fluid properties. Without the appropriate pressure at the drilling 
bit, the progress will decline and the start of production will be delayed. Secondly, if the 
process is non-optimal there will be more wear on the drilling equipment, forcing the 
process to be stopped more frequently in order to replace parts. And thirdly, more money 
than necessary will be spent on costly additives.  
By automating the measurements of the drilling fluid properties, the measurements will be 
available in real-time. This situation opens up for the field of automated drilling operations 
                                                     
1 The study of the flow of a matter 
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like for example managed pressure drilling (MPD) and automated drilling fluid mixing [3]. 
Papers describing methods for achieving real-time updates of the drilling fluid properties 
have in the recent years been published. For example, in [4] three different types of 
nonlinear Kalman filters are evaluated for estimation of parameters during a drilling 
operation. And in [3], the method of using instrumented standpipes in order to obtain 
automatic updates of the drilling properties is presented. 
 
1.1 Scope of work 
This thesis is and continuation of the project [5]. Initially, two of the main objectives of this 
thesis were to implement unscented Kalman filters for estimation of drilling fluid properties 
and use the advanced drilling simulator Wemod, including instrumented standpipe 
instrumentation, to obtain test-data. Unfortunately, due to changes in the participation of 
IRIS in this thesis, the instrumented standpipe instrumentation was not a part of the WeMod 
simulator provided by IRIS. The two main objectives of this thesis were therefore changed a 
month in to the semester. The new scope of work is described in the following.   
In this thesis, the functionality and properties of the drilling fluid will be studied, and 
available instrumentation and measurement will be discussed. The implementations will be 
divided into two cases: Case 1 and Case 2. In Case 1, the method of the instrumented 
standpipe will be applied on pressure measurements made in a vertical annulus section and 
a nearly horizontal annulus section. The unscented Kalman filter will be implemented in 
Matlab® and used for estimation of the drilling fluid properties: density and plastic viscosity. 
The differential pressures in the annulus sections will be simulated by using a model 
implemented in Simulink® and by using WeMod.  
In Case 2, the implementations made in Case 1 will be combined with the utilization of other 
measurements available in a drilling operation. A second unscented Kalman filter will be 
implemented together with the unscented Kalman filter from Case 1, and used to estimate 
the mud pump pressure, choke pressure, flow through drilling bit, and a geometry 
parameter. The test-data will first be generated by a simplified drilling system implemented 
and in Simulink® and then by WeMod. The system parameters needed in both the system 
description used in the unsented Kalman filter and in the simplified drilling system will be 
found using the Method of least squares. Estimations with and without the use of the 
downhole pressure measurement will be examined.  
 
1.2 Outline  
This report has a structure where background material used in the implementations are 
presented in chapters 2-7. Chapters 2.1, 2.3, 4, 6 and 7, is either based on, or taken from the 
project [5]. The Implementations are presented in chapter 8, results and discussion 
respectively in chapter 9 and 10, and the report is ended with concluding remarks and 
outline of further work in chapter 11.  
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2 Drilling fluids 
The purpose of this chapter is to give a basic understanding of what drilling fluids are, why it 
is needed in the drilling process, what makes it capable of performing its necessary tasks, 
and how the performance of the drilling fluid mainly depends on the two characteristics: 
density and viscosity. This is done by considering the composition and properties of the 
drilling fluid, its circulation loop, its functionality, and different measurement techniques. 
 
2.1 Drilling fluid composition  
The functionality of the drilling fluid depends on the drilling fluid properties. By controlling 
the composition of the fluid, the desired properties can be obtained and the drilling fluid can 
perform its vital tasks. In this chapter, a short introduction to common drilling fluid 
components will be given.  
 
2.1.1 Historic background  
The first drilling fluids were water based fluids. As early as the third millennium in Egypt and 
during the Cho dynasty (1122-250 BC) in China, it is likely that water was used to remove 
cuttings during crafting of wells. Records from more recent years also indicate that water 
was used in many drilling operations as aid to soften the formation and transport cuttings to 
the surface [1], [2]. 
The first drilling fluids got there properties naturally from clay, sand and other materials in 
the formation [1].  As the drilling technology evolved, so did also the drilling fluid. In order to 
be able to drill in more complex formations, the requirements on the drilling fluid did also 
become more complex. Today, it is normal to distinguish between the drilling fluids 
according to their basis. In the following subchapters four of the most common bases are 
presented. 
 
2.1.2  Water-based  
In a water-based drilling fluid, the cuttings are suspended in either fresh water, sea water, or 
a saline solution. Depending on the formation, drilled solids like clays, sand, limestone and 
other minerals may naturally be mixed in to the fluid. Typical additives added at the surface 
are commercial clays (Bentonite also known as “gel”), polymers, weight material (Barite), 
insoluble salts, and other chemicals that change the properties of the drilling fluid [6], [2]. 
With fresh water and sea water as available as it is, the use of water as base can be both 
financially and environmentally beneficial.   
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2.1.3 Oil-based  
If the drilling fluid is based on for example diesel oil, mineral oil, or refined linear paraffin, 
the fluid is sad to be an oil-based drilling fluid. As well as drilled minerals from the formation, 
additives added at the surface are typically: water, soaps, asphalt, commercially produced 
clays, and Brine. The reason for using this type of base can be many. For example can an oil-
based drilling fluid endure higher temperatures and decrease the friction between the drill 
string and formation. But they are also more costly. Partly because of the environmental 
consideration that must be made when it comes to disposing the cuttings. And partly 
because it may make it impossible to distinguish between the oil in the drilling fluid and oil 
seeping into the well from the formation, making it harder to analyze the drilling fluid [6]. 
2.1.4 Synthetic-based 
Here the base can for example either be: synthetic oil, synthetic refined linear paraffin, or 
esters. It has the same functionality as oil-based drilling fluids, but the toxicity level of the 
fluid fumes is lower. Synthetic-based drilling fluids are therefore often used on offshore rigs 
in order to achieve better working conditions. Otherwise, the synthetic-based fluids have the 
same advantages and disadvantages as oil-based fluids [6]. 
2.1.5 Gas 
By sending a high-velocity stream of air or natural gas either down the annulus or down the 
drill string, the cuttings in the well are removed. Sometimes water is added to the air in 
order to increase the viscosity, flush the hole, provide more cooling, or in order to control 
dust. In situations where it is necessary to remove minor inflows of water, foaming agents 
can be added.  Air is the fastest drilling medium, but can only be used in stabile, non-
permeable formations with minor inflow of water [2]. 
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2.2 Drilling fluid circulation loop 
The main components of a drilling fluid circulation loop will be presented in this chapter. 
This is done in order to give an overview of how the system is assembled, and how the fluid 
moves through the system. 
 
 
Figure 2.1: Illustration of a general drilling fluid circulation loop.  Courtesy of [7]. 
 
Figure 2.1 shows how the drilling fluid circulates through the drilling system. The heart of 
this circulation is the mud pump. It produces the pressure and fluid flow that is necessary for 
the fluid to travel through the entire system. After leaving the mud pump, the fluid gets 
transported by means of pipes and a flexible hose to the swivel and then down the drill 
string. The drill string consists of a rotating kelly, drill pipe, drill collar and the drill bit. The 
swivel makes the connection between the rotating kelly and stationary hose possible. At the 
end of the drill string the fluid shoots out of the drill bit with great force and travels up the 
annulus, taking the cuttings with it.  
At the surface, the fluid goes through a cleaning stage consisting of a shale shaker and 
different types of filters and ways of getting rid of as much cuttings and unwanted material 
as possible (desander, mud cleaner, centrifuge, settling pit, etc.). This is done so that the 
drilling fluid can be reused and thereby reducing cost and the impact on the environment. 
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The mud mixer ensures that the fluid going back to the mud pump and in to the well has the 
right composition according to measurements. This is done by adding substances that 
changes properties like the density and viscosity of the fluid.  
  
10 
 
2.3 Drilling fluid functionality 
The purpose of this subchapter is to give a basic understanding of why the drilling fluid is 
needed in the drilling process, and how the performance of the drilling fluid mainly depends 
on the two characteristics: density and viscosity. 
 
2.3.1 Pressure control 
The fluids that are trapped in the formation are under a pressure created by the mass which 
lie above. This pressure is called the pore pressure, or formation pressure, and is dependent 
on the depth of the formation, the density of the formation fluids and geological conditions 
[1]. In order to prevent an inflow from the formation, it is necessary that the hydrostatic 
pressure of the drilling fluid is greater than the pore pressure. It is however also important 
that the hydrostatic pressure do no exceed the fracture pressure. The hydrostatic pressure is 
proportional to the height of the drilling fluid column and its density. Therefore, by 
controlling the drilling fluid density, the hydrostatic pressure of the drilling fluid can be held 
within the constraints given by the pore pressure and fracture pressure. Figure 2.2 illustrates 
a pressure operation window for a wellbore. 
 
 
Figure 2.2: Pressure operation window for a wellbore [8]. 
 
However, in order to control the downhole pressure one must also account for the 
hydrodynamic pressure which occurs when the drilling fluid is flowing through the system. 
Because the drilling fluid experiences frictional pressure losses throughout the system, the 
total downhole pressure is given by the sum of the hydrostatic pressure and the frictional 
pressure loss.   
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2.3.2 Filter cake 
Because of the necessary pressure difference between the formation and drilling fluid, the 
drilling fluid will enter the formation in places where it is permeable. If the drilling fluid 
invades deep into the formation, this could cause damages to the reservoir and the 
production of oil and gas could be reduced. In addition, can this make the logging and the 
evaluation of the formation incorrect [1].  
Because of its porous character the formation acts as a filter that stops solids from entering 
the formation. The solids from the drilling fluid will therefore be stopped in the formation 
pores and form what is called a filter cake along the wall of the wellbore. It is desired that 
this cake keep the drilling fluid from getting too far into the formation at same time as it 
keeps thin enough so that it does not become an obstruction for the drilling equipment. If 
the cake becomes too thick there is a higher probability for loss of circulation and a kick, 
causing an unstable wellbore. By adding the right substances to the drilling fluid, the 
thickness of the filter cake can be restricted and the amount of drilling fluid that gets past 
the filter cake can be reduced [1]. 
 
2.3.3 Transportation of the drill cuttings 
The first purpose of the drilling fluid was to transport cuttings out of the wellbore. This still 
remains one of the most important objectives of the drilling fluid.  
The drilling fluid must be able to remove cuttings from under the drilling bit and in to the 
annulus in an efficiently matter. If the cuttings are not removed immediately, the drilling bit 
will grind the cuttings to finer bits. This will make it harder, or even impossible, to filter them 
out at the surface. As stated is chapter 2.2, the drilling fluid can be recycled, so the state of 
the filtered fluid is both a financially and environmental important aspect. In order to 
remove cuttings from the drilling fluid in a most efficiently way, and in order to maximize the 
drilling speed, the viscosity of the drilling fluid should be as low as possible [1]. 
Further, the drilling fluid must be able to transport the cuttings through the annulus and up 
to the surface. Since the cuttings are heavier than the drilling fluid, the net speed of the 
cuttings is the difference between the drilling fluid velocity and the cuttings sinking velocity. 
The sinking velocity is dependent on the density, size and shape of the cuttings in addition to 
the density and viscosity of the drilling fluid. The density of the drilling fluid determines the 
buoyancy of the cuttings and high density is therefore desired in the annulus. The viscosity 
of the drilling fluid determines the fluids ability to lift and hold cuttings. High viscosity is 
therefore desired in the annulus, but at the surface a low viscosity is wanted in order to filter 
out the cuttings. A compromise must therefore be done. The viscosity is made high enough 
so that the drilling fluid manages to lift the cuttings, but no higher [1]. 
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The fact that the drilling fluid should have different viscosity at different parts of the well 
(low at the drilling bit, high in the annulus) is possible because the viscosity of the drilling 
fluid is low at high speeds, and high at low speeds [1].  
 
2.3.4 Gel properties 
The circulation of the drilling fluid has to be stopped several times throughout the drilling 
process. Before this is done, the drilling fluid is circulated through the wellbore to the extent 
that most of the cuttings have been filtered out. However, there will always be some 
cuttings left within the fluid.  
There can be numerous reasons for stopping the circulation. One of them is when the drilling 
bit is worn out and has to be replaced. This job can take several hours to perform. It is 
therefore essential that the drilling fluid has the ability to keep cuttings and additives 
suspended and thus prevent them of sinking back to the bottom of the well or blocking the 
flow path of the annulus. This ability is achieved by giving the drilling fluid thixotropic 
properties, which means that the drilling fluid forms a gel structure when at rest. It is 
important that this gel structure is strong enough to hold the particles, but at the same time 
is fragile enough that it turns into fluid again when the circulation restarts. It is also 
important that the gel property do not become a problem under the filtering process at the 
surface [1].  
 
2.3.5 Cooling and lubrication 
When drilling, a great amount of heat is developed. This is caused by friction between the 
drilling bit and the bottom, and between the drill string and annulus. The surroundings are 
not able to absorb all of this heat. The drilling fluid is therefore used to cool the bottom of 
the wellbore in addition to minimize the friction between the drilling equipment and the 
formation in the annulus. In some cases it is necessary to add certain oil products in order to 
reduce the friction [1]. 
 
2.3.6 Give buoyancy to the drill string and casings. 
Without the drilling fluid, the weight of the drilling equipment would cause a significant 
strain on the surface equipment. Because the drilling equipment is given buoyancy by the 
drilling fluid, the weight is reduced accordingly to the product of the drilling fluid density and 
the volume which the drilling equipment displaces (Archimedes' principle). In other words, 
the higher the drilling fluid density, the lower the strain on the surface equipment [1]. 
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2.4 Drilling fluid properties 
The properties of a drilling fluid express how the fluid will behave in different parts of the 
circulation loop and in different stages of the drilling operation. As presented in chapter 2.3, 
two of the most important properties of the drilling fluid are density and viscosity. In this 
chapter, these will be further discussed. In order to provide a comprehensive explanation of 
the viscosity of drilling fluids, viscosity will be discussed under the more general topic of 
rheology of fluids. 
 
2.4.1 Density 
Density is defined as weight per unit volume and expressed in SI-unit as kilogram per cubic 
meter ቂ௄௚
௠య
ቃ. It can also be expressed in pounds per cubic foot ቂ ௟௕
௙௧య
ቃ, or compared to the 
weight of an equal volume of water, as specific gravity [Composition]. The two most 
commonly used units in the North Sea are pounds per gallon ቂ ௟௕
௚௔௟
ቃ and metric ton per cubic 
meter ቂ௧௢௡௡௘
௠య
ቃ [1].  
A drilling fluid with a non-optimal density can cause problems in the drilling operation. As 
mentioned in chapter 2.3, the density of a drilling fluid affects the hydrostatic pressure in the 
well. It is also mentioned that the hydrostatic pressure has to be as high as the pore pressure 
in order to prevent inflow of formation fluids. Many drilling operations are performed with a 
density that is well above what is actually needed to counter the pore pressure. This is done 
in interest of well safety, but it is a policy that has several disadvantages. For instance, the 
excessive density can lead to a pressure that is so high that the walls of the borehole 
fractures, and drilling fluid is lost into the formation. This is called induced fracturing [2].  
Another disadvantage is the negative affect excessive density has on the drilling rate. 
According to [2], laboratory experiments and field experiments have shown that the rate of 
penetration is reduced when the drilling operation is performed with higher pressure than 
needed to balance the pore pressure. In addition is there also a higher risk of sticking the 
drill string.  
The excessive drilling fluid density, also unnecessarily increases in drilling fluid cost. In order 
to obtain a high density, but at the same time maintain the fluids flow properties, costly 
additives have to be added to the drilling fluid throughout the operation.  
  
2.4.2 Rheology of fluids 
Rheology is the study of the flow and deformation of all forms of matter. The rheology of 
fluids flowing in pipes and other conduits is primarily based on the relationship between 
flow pressure and flow velocity, and the influence thereon of the flow characteristics of the 
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fluid. Dependent on the pressure-velocity relationship, a fluid is governed by a flow regime. 
There are two fundamental different flow regimes, namely laminar flow and turbulent flow 
[2]. 
 
2.4.2.1 Laminar flow 
A laminar flow regime occurs at low velocities where the fluid flows in parallel layers with no 
disruption between the layers. As seen in Figure 2.3, the force applied at the top causes the 
fluid to flow, but because of frictional forces the velocity of the fluid decreases all the way 
down to the wall, where the velocity is zero.   
 
 
Figure 2.3 Laminar flow. Courtesy of [2]. 
 
In terms of fluid mechanics, the force that is required to sustain a particular rate of fluid flow 
is called shear stress (߬), and it is defined as force per area (SI units [ܲܽ]). The velocity 
gradient of the flow at any point is called shear rate (ߛ), and is defined as the slope of the 
velocity profile at that point (SI units [ݏିଵ]) [9], [10]. For a laminar flow, rheology can be 
used to model shear stress as a function of the viscous properties of the fluid and shear rate. 
Four of the most known and used rheology models are presented in the following. 
 
The Newtonian model  
As the name of the model suggests, this is a model used for Newtonian fluids. A Newtonian 
fluid is a fluid that contains no particles larger than a molecule and follows the laws of Sir 
Isaac Newton. Examples of Newtonian fluids are water, oil, and air. For these types of fluids, 
shear stress is linearly in shear rate and the rheology model is given by: 
 
Where the proportionality constant ߤ is the viscosity of the fluid. In Figure 2.4 a consistency 
curve of shear stress verses shear rate for the Newtonian model is shown. 
 ߬ =  ߤߛ (2.1) 
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Figure 2.4 Consistency curve of shear stress verses shear rate for the Newtonian 
model. 
 
The Bingham plastic model 
This is a model frequently used for non-Newtonian fluids. A non-Newtonian fluid is a fluid 
that cannot be described by the simple linear relationship given in equation (2.1). Examples 
of non-Newtonian fluids are fluids that are either shear-thickening2 like quicksand, or shear-
thinning3 like most drilling fluids.  
The Bingham plastic model is based on the limiting case of shear-thinning fluids called ideal 
Bingham plastic fluids. For an ideal Bingham plastic fluid, a yield stress ߬଴ must be achieved 
before the fluid is sat in motion. After the flow is initiated, the fluid will have a linear flow 
behavior as shown in Figure 2.5. 
                                                     
2 Fluids that increase its resistance with increasing shear rate. [Fluid] 
3 A fluid that is less resistant at higher shear rates. [Fluid] 
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Figure 2.5 Consistency curve of shear stress verses shear rate for the Bingham plastic 
model. 
 
The Bingham plastic model is given by the equation:  
Where  ߤ௣is the plastic velocity of the fluid. The parameters ߬଴ and ߤ௣ can be found by using 
least squares on measurement data, or by using the following relationship: 
 
ߤ௣ =  ߠ଺଴଴ െ ߠଷ଴଴ 
߬଴ =  ߠଷ଴଴ െ  ߤ௣ 
(2.3) 
Where the unit of ߤ௣ is [ܿ݁݊ݐ݅ܲ݋݅ݏ݁] and the unit of ߬଴ is ቂ
௟௕௙
ଵ଴଴௙௧మ
ቃ. The ߠ଺଴଴ and ߠଷ଴଴ are 
Fann readings measurements made by a Fann VG viscometer (see chapter ??) at 
600 [ܴܲܯ] and 300 [ܴܲܯ] respectively. Fann readings are normally measured in 
[݀݁݃ݎ݁݁ݏ ܨܽ݊݊],  but can be converted to field unit of shear stress ቂ ௟௕௙
ଵ଴଴௙௧మ
ቃ, or SI units of 
shear stress [ܲܽ] in the following way: 
1.067 [݀݁݃ݎ݁݁ݏ ܨܽ݊݊] =  1 ൤
݈ܾ݂
100݂ݐଶ
൨ = 0.4788 [ܲܽ] (2.4)
In order to go from [ܴܲܯ] to SI-unit of shear rate [ݏିଵ],  the rate in [ܴܲܯ] has to be 
multiplied by 1.703. For the plastic viscosity, the relationship between field units 
([ܿ݁݊ݐ݅ܲ݋݅ݏ݁]) and SI units ([ܲܽ ݏ]) is given by:
 ߬ =  ߬଴ +  ߤ௣ߛ (2.2) 
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 1 [ܿܲ] = 1 כ 10ିଷ[ܲܽ ݏ] (2.5) 
 
Although drilling fluids are not ideal Bingham plastic fluids, studies like [9] indicate that the 
Bingham plastic model can give an acceptable approximation of the flow behavior, especially 
for high shear rates.  
 
Power law model 
The Powel law model is a model used for non-Newtonian fluids. It is modeled by: 
 ߬ =  ܭߛ௡ (2.6) 
Here the ܭ is the fluid consistency index and ݊ is the flow behavior index. The model is 
illustrated in Figure 2.6. 
 
 
 
Figure 2.6 Consistency curve of shear stress verses shear rate for the Power law 
model 
 
The Herschel-Bulkley model   
The Herschel-Bulkley model is also used for non-Newtonian fluids and is given by the 
following relationship between shear stress and shear rate:  
 
 
Here, ߬௬ is the yield stress, ܭ a proportionality constant, and ݊ is a flow index that indicates 
the degree in which the fluid is either shear thinning or shear thickening. Because of the 
 ߬ =  ߬௬ + ܭߛ௡ (2.7) 
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extra information a third parameter adds to this model, the Herschel-Bulkley model will in 
general be a more accurate model than the Bingham plastic model [10]. The parameters of 
the model can be found by using Fann readings and least squares fitting on measurement 
data. In Figure 2.7Figure 2.7 the consistency curve for a shear-thinning fluid modeled by the 
Herschel-Bulkley model is illustrated.   
 
 
 
Figure 2.7 Consistency curve of shear stress verses shear rate for the Herschel-Bulkley 
model. 
 
2.4.2.2 Turbulent flow 
A turbulent flow regime prevails at high velocities and has a disorderly flow behavior (see 
Figure 2.8).  At the same time as the fluid maintains a mean velocity in the flow direction, 
there are local fluctuations both in velocity and direction. As a result of these random 
fluctuations, the shear rate is indeterminable and a relationship between shear stress and 
shear rate like those found for laminar flow cannot be derived. The behavior of turbulent 
flow is instead described by the two dimensionless factors: Reynolds number ( ோܰ௘) and 
Fanning friction (݂). The Reynolds number gives the relationship between inertial forces and 
viscous forces of the fluid, while the Fanning friction factor expresses the fluids resistance to 
flow at the conduit wall [2]. 
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Figure 2.8 Turbulent flow behavior in a pipe. 
 
Turbulent flow of Newtonian fluids 
For a Newtonian fluid flowing in a pipe the Reynolds number and Fanning friction factor is 
given by:  
 ோܰ௘ =
ߩݒ݀
ߤ
 (2.8) 
 ݂ =
݀
2ߩݒଶ
 
௙ܲ
ܮ
 (2.9) 
 
Here ߩ is the density if the fluid, ݒ is the average velocity of the flow, ݀ is the diameter of the 
pipe, and ௙ܲ is the fractional pressure loss over the pipe section of length ܮ. The relationship 
between the Reynolds number and Fanning friction factor for a Newtonian fluid can be 
found in diagrams that are based on the experimental results of Colebrook.  
 
Turbulent flow of non-Newtonian fluids 
As stated in the previous subchapter, the viscosity of non-Newtonian fluids varies with 
different shear rates. There is therefore a question of which parameter to use for viscosity in 
the Reynolds number. One approach is to use an effective viscosity  ߤ௘ that is based on the 
parameters of a non-Newtonian rheology model. For a Bingham plastic fluid the effective 
viscosity can be obtained by comparing the laminar pressure loss equation for Newtonian 
fluids (derived in chapter 3.1.1) with the laminar pressure loss equation for Bingham Plastic 
fluids (derived in chapter 3.1.2): 
 
 
128ߤ௘
ߨ݀ସ
ݍ =  
128ߤ௣
ߨ݀ସ
ݍ +
16߬଴
3݀
 (2.10) 
 
After solving for ߤ௘ , the effective viscosity is given by: 
 
 ߤ௘ =  ߤ௣ +
߬଴ߨ݀
ଷ
24ݍ
 (2.11) 
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The turbulent flow can then be described by the Reynolds number: 
 
 ோܰ௘Ԣ =
ߩݒ݀
ߤ௘
 (2.12) 
 
and the Fanning friction factor given in (2.9) [9].  
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2.5 Instrumentations and measurements techniques 
In order to make the right changes to the drilling fluid composition, it is important to form a 
picture of the fluid behavior during operation. This is a difficult task because of the ever-
changing conditions the fluid is subjected to. Today this is primarily done by combining 
experience and knowledge about the formation and additives, with measurements of the 
drilling fluid properties.  
In this chapter, techniques for measuring the two drilling fluid properties density and 
viscosity will be presented. The measurement techniques given in chapter 2.5.1, are based 
on the American Petroleum Institute Recommended Practice (API RP) for testing of drilling 
fluids. The API RP is a standard that is used in the majority of drilling fluid tests performed in 
the field and at laboratories today [2], [1]. Measurement techniques developed in recent 
time is presented in chapter 2.5.2. 
 
2.5.1 Traditional measurement techniques 
Today, most tests done on drilling fluids are manually performed using old fashioned 
measurement techniques. Tests done on site must be performed quickly in order for the 
measurements to be realistic and in order to maintain enough data for composition control. 
The combination of quick measurements and simple instruments limits the accuracy of the 
measurements. Measurement techniques for density, viscosity, shear stress will be 
presented in the following. 
 
2.5.1.1 The mud balance 
The mud balance is used to measure the density of a drilling fluid. In Figure 2.9, two 
examples of mud balances are shown, namely a standard mud balance and a pressurized 
mud balance. The main principle of the two types is the same.  A cup is connected to the one 
end of a beam and a fixed counterweight is connected to the other. Drilling fluid is added to 
the cup and a lid is put on top. The lid has a hole in the middle where excess fluid can exit. 
The weight of the drilling fluid is then balanced by moving a rider along the beam until the 
beam is leveled. Normally, there is a leveler on top of the beam indicting when to stop. The 
density of the fluid can be read at the side of the rider [2]. 
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Figure 2.9  Standard mud balance (left) and pressurized mud balance (right). Courtesy 
of [2]. 
 
2.5.1.2 The Marsh funnel 
This is a simple but widely used method that gives an empirical value for the drilling fluid 
consistence. The Marsh funnel consists of a funnel and a measuring cup (see Figure 2.10). 
The funnel is filled with drilling fluid up to the level of the screen. The time it takes (in [ݏ]) for 
one quarter (946 [݈݉]) drilling fluid to flow out of the funnel and into the measuring cup is 
then observed. The rheology of the fluid can then be identified by using a look-up table 
which correlates the Marsh funnel flow duration and rheology parameters [3].The 
measurement is called funnel viscosity and is given in seconds per quart. Because of its 
simplicity, the funnel viscosity offers only an indication to when significant changes to the 
drilling fluid properties have happened within the well [2]. 
 
 
 
Figure 2.10 Marsh funnel. Courtesy of [11]. 
 
23 
 
2.5.1.3 The rotational viscometer 
A rotational viscometer provides a measure of shear stress according to a specific rotational 
rate. There are several types of rotational viscometers, but the general design is as 
illustrated in Figure 2.11. A bob connected to a spring hangs concentrically within a cylinder 
(the rotor). Both bob and cylinder is lowered into a cup of drilling fluid. The cylinder is then 
rotated at a specific constant speed, and the viscous properties of the drilling fluid forces the 
bob to turn. When balance between the torque of the spring and the viscous drag is 
obtained, the deflection of the bob can be read on the dial on top of the instrument. 
Because the dial is calibrated the deflection can be used directly in the calculations of non-
Newtonian rheology models presented in chapter 2.4.  It can also be converted to field units 
of shear stress (ቂ ௟௕௙
ଵ଴଴௙௧మ
ቃ) and used for calculations of viscosity for Newtonian fluids. An 
example of a rotational viscometer commonly used is the Fann Model 35A (See Figure 2.11). 
This instruments can run at 6 different speeds; 600, 300, 200, 100, 6 and 3 [ܴܲܯ].    
 
 
 
 
 
Figure 2.11 Rotational viscometer Courtesy [2]. 
 
2.5.2 Automated measurement techniques 
Although the petroleum industry can be seen as very conservative, there have been made 
some steps towards innovative measurement techniques. Two examples of measurement 
techniques enabling real-time measurements will now be presented.      
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2.5.2.1 Instrumented standpipe 
The method of the instrumented standpipe (ISP) is described in [3]. As stated in this article, 
the main idea behind this method is to measure the frictional pressure loss over a pipe 
section with diameter ݀ and length ܮ, and then use this to estimate the frictional pressure 
drop across a pipe section with arbitrary diameter ݀ and length ܮ. By knowing the frictional 
pressure loss, drilling fluid properties like density and rheology can also be found. The article 
presents results from an experiment using the ISP where acceptable results were achieved. 
In the following, the main equations forming the method of the ISP are given. 
Basic design 
In Figure 2.12, an illustration of an ISP is shown. Here, P1 is the pump pressure, P2 is the 
lower standpipe pressure, P3 is the upper standpipe pressure, and P4 is the swivel pressure. 
By placing accurate pressure sensors at these points, the pressure difference between P1 
and P2 and between P3 and P4 can be found.  
 
Figure 2.12 Basic design for Instrumented standpipe. Courtesy of [3]. 
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Horizontal stand pipe  
As described in chapter 2.3.1, the pressure is dependent on the hydrostatic pressure and the 
frictional pressure loss. Because P1 and P2 are strategically placed in a horizontal pipe, the 
pressure difference between these points is the frictional pressure loss across the section: 
 
ο ௛ܲ = ܲ1െ ܲ2  
ο ௛ܲ = ߩ݄݃ଵ െ  ߩ݄݃ଶ + ௛ܲ,௙   ,    ݄ଵ = ݄ଶ 
ο ௛ܲ = ௛ܲ,௙ 
(2.13) 
 
According to [3], the frictional pressure loss for this section is also given by: 
 
 ௙ܲ = ቆ
2݂ߩݒଶ
݀
ቇ  ܮ  (2.14) 
 
Here ܮ is the distance between P1 and P2, ݀  is the diameter of the pipe section, and ݂ is the 
Fanning friction factor. By rearranging (2.14) and using the frictional pressure loss found for 
the horizontal stand pipe, the Fanning friction factor for this section is given as: 
 
 ݂ = ௛ܲ,௙
 ݀
2ߩݒଶܮ
  (2.15) 
 
By using this equation, the Fanning friction factor can be found for turbulent and laminar 
flow at various pressures, fluid densities, and fluid velocities. It can also be used to find an 
estimate of the frictional pressure loss across a pipe segment with arbitrary pipe length 
ܮ and diameter ݀. 
 
Vertical stand pipe 
As seen in Figure 2.12, sensors P3 and P4 are placed in a vertical section. The pressure 
difference between these sensors will therefore be a combination of hydrostatic pressure 
and frictional pressure loss: 
 
 
ο ௩ܲ = ܲ3 െ ܲ4  
 
ο ௩ܲ = ߩ݄݃ଷ െ  ߩ݄݃ସ + ௩ܲ,௙ 
(2.16) 
 
Here ௩ܲ,௙ is the frictional pressure loss across the section. Rearranging the equations in 
(2.16), the density of the drilling fluid is given by: 
 
 
ܲ3െ ܲ4 = ߩ݃(݄ଷ െ ݄ସ) + ௩ܲ,௙ 
 
(2.17) 
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ߩ =
ܲ3 െ ܲ4െ ௩ܲ,௙
݃(݄ଷ െ ݄ସ)
 
 
Then, by assuming that the friction factor ݂ is the same for both the horizontal and vertical 
sections, the following relationship is found: 
 
 
௩ܲ,௙ = ቆ
2݂ߩݒଶ
݀
ቇ  ܮ 
௩ܲ,௙ = ൮
2 ൬
௛ܲ,௙ ݀
2ߩݒଶܮ
 ൰ߩݒଶ
݀
൲  ܮ 
௩ܲ,௙ =  ௛ܲ,௙ 
(2.18) 
 
This states that the frictional pressure loss in the vertical and horizontal sections is 
equivalent, making it possible to find the density of the drilling fluid: 
 ߩ =
ܲ3 െ ܲ4െ ௛ܲ,௙
݃(݄ଷ െ ݄ସ)
 (2.19) 
 
2.5.2.2 Wired drill pipe 
The wired drill pipe enables transmission of down-hole measurements, like temperature and 
pressure, in real time. The measured data is transmitted to the surface through a high 
strength bi-directional coaxial cable. Signal repeaters are placed periodically along the drill 
string (see Figure 2.13) and serve as individually addressable nodes. Therefore, in addition to 
measurements made close to the drilling bit, measurements can also be made at the 
repeaters along the drill string. Since December 2006, the wired drill pipe has been used in 
several drilling operation in order to improve well site efficiency and reduce risks connected 
to the drilling fluid functionality [12].  
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Figure 2.13 Wired drill pipe. Courtesy of  [13] 
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3 Frictional pressure loss 
As previously stated, the pressure in the wellbore is defied by two components, namely the 
hydrostatic pressure and the frictional pressure loss of the drilling fluid. The frictional 
pressure loss is dependent on the flow regime prevailing in the drilling fluid and the 
properties of the fluid.   
In [9], frictional pressure loss equations are presented. In the following, the main equations 
from this article are given. It is assumed constant pressure loss over pipes with same 
geology, and that the rheology is independent of temperature and pressure. This can be 
made applicable by applying the equations to control volumes that are small enough. The 
derivation of the equations is only given for laminar flow of Newtonian fluids. For derivation 
of the rest of the equations see [14]and [15].  
3.1 Laminar flow 
For laminar flow, the frictional pressure loss in a pipe or in a annulus can be derived using 
the rheology models presented in chapter 2.4.  Using the rheology models, the wall shear 
stress can be expressed and then integrated for the length of the control volume.   
 
3.1.1 Newtonian fluids 
For laminar flow of a Newtonian fluid flowing in a pipe, the shear stress is proportional to 
the pressure loss: 
 ߬ =
ݎ
2
௙ܲ
ܮ
 (3.1) 
 
Here, ݎ denotes the radius at which the shear stress is found, and ௙ܲ is the frictional pressure 
loss over the pipe section of length ܮ. By definition, the shear rate is: 
 
 ߛ =  െ
݀ݒ
݀ݎ
 (3.2) 
 
Using (2.1) to eliminate ߬ in (3.1), and assuming that the frictional pressure loss is 
independent of ݎ, the following equations are derived: 
 
 
 
߬ =  ߤߛ 
߬ =  െߤ
݀ݒ
݀ݎ
 
െߤ
݀ݒ
݀ݎ
=
ݎ
2
௙ܲ
ܮ
 
(3.3) 
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െߤන ݀ݒ =
1
2
 
௙ܲ
ܮ
 න ݎ ݀ݎ
ௗ/ଶ
௥
௩(ௗ/ଶ)
௩(௥)
 
ߤݒ(ݎ) =
1
4
 
௙ܲ
ܮ
ቆ൬
݀
2
൰
ଶ
െ ݎଶቇ 
 
Then, by integrating ݒ(ݎ) over the pipe cross section, and denoting the angular variable as 
ߠ, the volume flow can be found as: 
 
ݍ =  න ݒ ݀ܣ =  න න ݒ(ݎ)ݎ ݀ݎ ݀ߠ 
௥
଴
ଶగ
଴஺
 
ݍ = 2ߨ න
1
4ߤ
 
௙ܲ
ܮ
 ቆ൬
݀
2
൰
ଶ
ݎ െ ݎଷቇ  ݀ݎ
ௗ/ଶ 
଴
 
 ݍ =  
2ߨ
4ߤ
ቆ
1
2
൬
݀
2
൰
ସ
െ
1
4
൬
݀
2
൰
ସ
ቇ
௙ܲ
ܮ
 
ݍ =
ߨ
128ߤ
݀ସ  
௙ܲ
ܮ
 
(3.4) 
 
After rearranging the last equation in (3.4), the frictional pressure is finally given by: 
 
 ௙ܲ = ൬
128ߤ
ߨ݀ସ
 ݍ൰ ܮ (3.5) 
 
 
 
3.1.2 Bingham plastic fluids 
In a similar way as for Newtonian fluids, the frictional pressure loss can also in this case be 
found in terms of rheology parameters, pipe dimensions, and the volume flow. It is assumed 
that the fluid flows as a plug, and that the plug has a radius ݎ௣. According to [9], the volume 
flow is given by: 
 
 ݍ =  
ߨ
8ߤ௣
 
௙ܲ
ܮ
ቆ൬
݀
2
൰
ସ
െ ݎ௣
ସቇ െ  ቆ൬
݀
2
൰
ଷ
െ ݎ௣
ଷቇ (3.6) 
 
An expression for the plug radius can be found by combining the definition of the shear 
stress at the wall (߬௪) and the shear stress at the plug radius (߬௣): 
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 ߬௪ =
݀
4
 
௙ܲ
ܮ
 ,         ߬௣ = ߬଴ =
ݎ௣
2
 
௙ܲ
ܮ
      ֜     ݎ௣ =
݀
2
߬଴
߬௪
  (3.7) 
 
Now that the plug radius is described as a function of ߬଴ and ߬௪, the volume flow equation 
(3.6) can be rewritten: 
  
 ݍ =  
ߨ݀ସ
128ߤ௣
 
௙ܲ
ܮ
 ቆ1 െ  
4
3
൬
߬଴ 
߬௪
൰  +  
1
3
 ൬
߬଴ 
߬௪
൰
ସ
ቇ (3.8) 
 
According to [9], which refers to [14], it is reasonable to assume that ߬௪ > 2߬଴ in rotary 
drilling applications. This means that the last term in (3.8) can be ignored. With the last term 
removed, a rearranged (3.8) becomes: 
 
 ௙ܲ = ൬
128ߤ௣
ߨ݀ସ
 ݍ +
16߬଴
3݀
൰ܮ (3.9) 
 
A similar result can also be found for an annulus section of length ܮ, and in [9] it is given that 
this fractional pressure loss is derived from the equation: 
 
 
ݍ =
ߨ(݀௛
ଶ െ ݀଴
ଶ)(݀௛ െ ݀଴)
48ߤ௣
 ߬௪  ቆ1 െ  
3
2
൬
߬଴ 
߬௪
൰  +  
1
2
 ൬
߬଴ 
߬௪
൰
ଷ
ቇ  ,   
௙ܲ
ܮ
=
4
݀௛ െ ݀௢
 ߬௪ 
(3.10) 
 
This relationship is based on the derivation found in [14] and [15]. Here the annulus is 
approximated with parallel plates, which is assumed to give reasonably results 
provided  ௗబ
ௗ೓
> 0.3.  
 
 
 
3.2 Turbulent flow 
It is impossible to formulate rheology models for turbulent flow. Instead, empirical 
expressions are used. The frictional pressure loss for both Newtonian and non-Newtonian 
can be described as: 
 
 ௙ܲ = ቆ
2݂ߩݒଶ
݀
ቇ ܮ (3.11) 
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where ݂ is the Fanning friction factor. According to [9], a reasonable accurate prediction of 
the frictional pressure loss for Bingham plastic fluids can be found by using: 
   
 ݂ =
0.0791
( ோܰ௘
ᇱ )଴.ଶହ
 (3.12) 
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4 Simplified hydraulics model of a drilling operation  
In [16], a simplified hydraulics model for a managed-pressure-drilling (MPD) control system 
is derived. This is a fit-for-purpose model, meaning that the model represents only the 
dominating dynamics of the system. As stated in the [16], a simplified hydraulics model may 
in practice perform as well as a complex model. This is, among other reasons, because the 
conditions in the well are changing during operations and there are not enough 
measurements to keep all of the parameters of a complex model updated. The main 
equations that form the simplified hydraulics model in [16] will be presented in this chapter. 
An illustration of the MPD control system that the model is derived for is illustrated in Figure 
4.1. 
 
 
Figure 4.1: Schematic of an automated MPD system.  Courtesy of [16]. 
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4.1 Fundamental equations 
The model is derived by concerning fundamental equations for a given control volume. The 
notation used in the fundamental equations is described in Table 4.1. 
Symbol Description 
࣋  
ࢗ  
ࣆ  
ࢂ  
࡭  
࢜  
࣎  
ࣘ  
ࢀ 
ࢍ 
Density 
Volumetric flow rate 
Fluid viscosity 
Volume 
Areal 
Velocity 
Friction 
Angle of flow path 
Temperature 
Gravitational acceleration 
Table 4.1: Description of symbols used in fundamental equations 
 
Conservation of mass 
The mass balance equation, in its standard integral form, for a homogenous control volume 
is given by: 
 ݀
(ߩܸ)
݀ݐ
=  ߩ௜௡ݍ௜௡ െ  ߩ௢௨௧ݍ௢௨௧ (4.1) 
 
Neglecting dependence on temperature, the density ߩ is given by the linearized equation:  
 ݀ߩ =
ߩ଴
ߚ
݀݌ (4.2) 
 
Where ߚ is the bulk modulus, the substance resistance to uniform compression, and ߩ଴ is 
the linearization reference point. Combining (4.1) and (4.2) gives the mass balance equation 
with pressure as the main variable: 
 ߩ଴
ܸ
ߚ
  
݀݌
݀ݐ
= െɏ
dV
݀ݐ
+  ߩ௜௡ݍ௜௡ െ  ߩ௢௨௧ݍ௢௨௧ (4.3) 
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Conservation of momentum 
The one dimension differential equation for momentum, assuming incompressible flow, can 
be written as: 
 
ߩ
ܣ
݀ݒ
݀ݐ
=  െ
߲݌
߲ݔ
െ  
߲߬
߲ݔ
+  ߩ݃ܿ݋ݏ߶ (4.4) 
 
Assuming that the fluid accelerates homogeneously as a stiff mass, the equation for the 
average flow rate dynamics is given by: 
 ܯ(݈ଵ, ݈ଶ)
݀ݍ
݀ݐ
= ݌ଵ െ ݌ଶ െ ௙ܲ(݈ଵ, ݈ଶݍ, ߤ) + ܩ(݈ଵ, ݈ଶ,ߩ) (4.5) 
 
Where ݈ଵ is the starting point and ݈ଶ is the end of the control volume,  ܯ(݈ଵ, ݈ଶ) is the 
integrated density per cross section over the flow path, ௙ܲ(݈ଵ, ݈ଶ,ݍ, ߤ) is the integrated 
friction along the flow path, and ܩ(݈ଵ, ݈ଶ,ߩ) is the total gravity affecting the fluid.  
 
 
4.2 Simplified hydraulics model 
Equation (4.3) is the basis used to derive two of the four hydraulics model equations. The 
first model equation is found by considering the flow in the drill string from mud pump to 
drilling bit. Assuming that the density and drill string volume ௗܸ is constant through the 
control volume, the mud-pump pressure ݌௣ is given by the differential equation: 
 ௗܸ
ߚௗ
݀݌௣
݀ݐ
= ݍ௣ െ ݍ (4.6) 
 
Here ߚௗ is the effective bulk modulus in the drillstring, ݍ௣ is the flow through the mud pump 
and q is the flow through the drilling bit.  
The second model equation is found by considering the flow in the annulus from drilling bit 
to the choke at the surface. Also in this case the density is assumed to be constant. The 
upstream choke pressure ݌௖ is then described as follows: 
 ௔ܸ
ߚ௔
݀݌௖
݀ݐ
=  െ
݀ ௔ܸ
݀ݐ
+ ݍ + ݍ௕௣௣ െ ݍ௖ (4.7) 
 
Here ௔ܸ is the volume of the annulus, ߚ௔ is the effective bulk modulus in the annulus, ݍ௕௣௣ is 
the flow from the backpressure pump, and ݍ௖ is the flow through the choke.   
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The last two model equation is based on (4.5). The flow though the drilling bit is assumed to 
be approximately equal to the average flow through the total system.  The flow dynamics of 
the hydraulic system are then given as:  
 ܯ
݀ݍ
݀ݐ
= ݌௣ െ ݌௖ െ ௙ܲ(ݍ, ߤ) + ܩ(ߩ) (4.8) 
 
Where the total gravity affecting the fluid can be approximated to be:  
 ܩ(ߩ) =  െ οߩ்݄݃௏஽ (4.9) 
 
Here ்݄௏஽ is the total vertical depth of the well and οߩ is the difference between the density 
in the annulus ߩ௔  and the density in the drillstring ߩௗ: 
 οߩ =  ߩ௔ െ  ߩௗ (4.10) 
 
A one-way valve is usually placed in the drill string. This is done to prevent reversed flow 
from the annulus up the drill string. By expanding equation (4.8), this functionality can be 
accounted for in the following way: 
 ܯ
݀ݍ
݀ݐ
= ቊ
݌௣ െ ݌௖ െ ௙ܲ(ݍ, ߤ) െ  οߩ்݄݃௏஽                              ݍ > 0
maxൣ0,݌௣ െ ݌௖ െ ௙ܲ(ݍ, ߤ)െ  οߩ்݄݃௏஽൧               ݍ = 0 
 (4.11) 
 
The last equation of the hydraulics model gives a pressure profile of the downhole pressure: 
 ݌ௗ௛(݈) = ݌௖ + ௔ܲ,௙(݈, ݍ, ߤ) െ ܩ௔(݈,ߩ) (4.12) 
 
Where ௔ܲ,௙(݈, ݍ, ߤ) is the frictional pressure loss in the annulus, ܩ௔(݈,ߩ) is the hydrostatic 
pressure at depth ݈.  
  
36 
 
5 WeMod – An advanced hydraulics model of a drilling operation 
WeMod is an advanced drilling simulator developed at the International Research Institute 
of Stavanger (IRIS). In WeMod, the drilling fluid flow is modeled, and by predefining well 
conditions and fluid properties, the impact these factors have on the fluid flow can be 
simulated. The simulator runs on an external server, and is accessed through Matlab® as a 
licensed user. In this chapter a simple introduction to WeMod is given. This is done by first 
presenting the theory provided in the user guide [17], and then explain, through a case 
example, how WeMod is executed.  
 
5.1 Theory  
For this thesis the WeMod user guide [17] was provided by IRIS . In [17], it is stated that the 
hydraulic model used in the simulator is based on a [18], but no specific equations are given.  
Based on the theory presented in [17], it is assumed that the hydraulic model used in 
WeMod is given by nonlinear partial differential equations that describe mass, momentum 
and energy balances for a one-dimensional two-phase flow.  
 
In [17], the frictional pressure loss needed to describe the momentum balance is given by: 
 
 ܭ =  ܿ
2݂
݀௛௬
 ߩ௠௜௫ݒ௠௜௫
ଶ  (5.1) 
 
where ݀௛௬ is the hydraulic diameter, ݒ௠௜௫ is the mixture velocity (sum of gas and liquid 
velocity), and ܿ is a introduced calibration factor (not further explained in the user guide). 
For one phase laminar flow, the Fanning friction factor ݂ is according to [17] given by: 
 
 ݂ =
16
ோܰ௘,ீ
 (5.2) 
 
where ோܰ௘,ீ  is the generalized Reynolds number: 
 
 ோܰ௘,ீ =
݀௘௙௙ݒߩ
ߤ௔௣௣
 (5.3) 
 
In (2.6), ݀௘௙௙ is the “effective” diameter and ߤ௔௣௣ is the “apparent viscosity”. Both of these 
parameters are described [19]. The “effective” diameter accounts for both geometry and the 
effects of a non-Newtonian fluid. This makes it possible to use the well-established 
relationship between friction and Reynolds number also on non-Newtonian fluids [19]. For å 
pipe with diameter ݀, the “effective” diameter is defined as: 
 
 ݀௘௙௙ = ݀
4݊Ԣ
3݊Ԣ + 1
 (5.4) 
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And for an annulus with inner diameter ݀௜ and outer diameter ݀௢ , it is given by: 
 
 ݀௘௙௙ =
2
3
(݀௢ െ ݀௜)
3݊Ԣ
2݊Ԣ+ 1
 (5.5) 
 
Here, ݊Ԣ is the generalized power law index defined in [19] as: 
 
 ݊Ԣ =
݀[ln ߬௪]
݀ ቂ݈݊ ቀ
8ݒ
݀
ቁቃ
 (5.6) 
 
The “apparent viscosity” is given in [19] as: 
 
ߤ௔௣௣ =
ܭᇱ ቀ
8ݒ
݀
ቁ
௡ᇲ
ߛԢ
 (5.7) 
 
With generalized pipe shear rate as: 
 
 ߛԢ =
(3݊ᇱ + 1)8ݒ
(4݊Ԣ݀)
 (5.8) 
 
 
 
5.2 The Loss case 
In [17], several examples on wellbore configurations are presented. One of these 
configurations is a case where drilling fluids are lost to the formation. This case will be 
presented in the following.  
 
Before a simulation can be performed, well conditions and fluid properties have to be 
specified in a IRIS Wellbore Configurator GUI as shown in Figure 5.1.  
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Figure 5.1 IRIS Wellbore Configurator GUI for the loss case. Courtesy of [17]. 
 
The configuration is then stored as an xml-file, which is used as input to the main m-script 
executed in Matlab®. For the Loss case supplied by IRIS and used in this thesis, the xml-file is 
called loss_v2 and the main m-script is called runLoss_v2.m. In the main m-script, the 
following steps are made: 
 
Initialization 
1) A IRISDrill object is created 
2) The xml-file is loaded 
3) In order to change default wellbore object values, important reservoir properties are 
specified. 
4) WeMod is initialized 
Main loop 
1) Values are set 
2) A step is made, taking the states of the model one step forward in time. 
3) Values are saved in arrays. 
The code executed in the initialization and the Main loop of runLoss_v2.m can be seen in 
Appendix 1. 
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6 The method of least squares 
The method of least squares is an approach that is used to estimate unknown parameters of 
a set of equations where there are more equations than unknowns. Given a system where 
the unknowns are represented linearly with respect to each other, the method of least 
squares is derived in the following way [20]. 
Given the linear system: 
 ݕ(ݐ) =  ߮(ݐ)்ߠ כ (6.1) 
 
Where ߮(ݐ) is a vector of known signals, called the regression vector, and ߠ* is the unknown 
parameter vector. An estimate of this system can be taken as: 
 ݕො(ݐ) =  ߮(ݐ)்ߠ (6.2) 
 
The predicted error is then: 
 ߝ(ݐ,ߠ) = ݕ(ݐ) െ  ߮(ݐ)்ߠ (6.3) 
 
The predicted-error sequence is then given by: 
 ேܸ(ߠ,ܼே) =
1
2ܰ
෍(ݕ(ݐ) െ  ߮(ݐ)்ߠ )ଶ
ே
௧ୀଵ
 (6.4) 
 
Where ܼே is denotes the set of data obtained form system measurements and N denotes 
the number of measurements. By differentiating equation (6.4) with respect to ߠ , and then 
setting the result equal to zero, the unknown vector ߠ෠ can finally be found. 
 ߠ෠௅ௌே = ൭
1
ܰ
෍߮(ݐ)߮(ݐ)
ே
௧ୀଵ
൱
ିଵ
൭
1
ܰ
෍߮(ݐ)ݕ(ݐ)
ே
௧ୀଵ
൱ (6.5) 
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7 Kalman filters 
In this chapter, background material about the development and area of application for the 
Kalman filter will first be given. Then the Kalman filter for linear and nonlinear systems is 
presented. The linear case is presented first in order to form the foundation that the 
nonlinear case is based on. All of the derivation is based on the same notation as in [21]. 
 
7.1 History 
The Kalman filter has its roots in the method of least squares [22], [23]. It is a recursive 
algorithm that utilizes the information that is available at a given time through system 
dynamics, inputs and noisy measurements, to calculate an estimate of the states of the 
system. This is done in a way that minimizes the mean of the squared error. It can be shown 
that of all possible filters, the Kalman filter is the one that minimizes the variance of the 
estimated error [22].    
The Kalman filter is named after Rudolf Kalman who in 1960 published the paper “A New 
Approach to Linear Filtering and Prediction Problems” [24]. In this paper, Kalman describes a 
recursive solution to the discrete-data linear filtering problem [25].  Although Peter Swerling 
already developed a similar algorithm in 1958, the results Kalman published in 1960 were 
more general and complete in addition to be presented in a more prestigious journal. The 
filter is therefore named after Kalman. The filter is however sometimes referred to as the 
Kalman-Bucy filter because of Richard Bucy contribution to the early work on the topic [22].  
 
The first implementation of the Kalman filter was during the development of the navigation 
system for the Apollo space program. Since then, the filter has been utilized within many 
different fields and has been an important subject of research. As stated in [22], the filter 
has for example been applied within all forms of navigation (aerospace, land and marine), 
nuclear power plant instrumentations, demographic modeling, manufacturing, the detection 
of underground radioactivity, fuzzy logic and neural network training. 
 
It is clear that much has happened since 1960. The improvement of computational capacity 
and speed of digital computers made it possible to use the filter on more complex systems. 
What started out as an algorithm for state estimate for linear systems has developed into 
several algorithms that can be used to estimate the states of nonlinear systems.  
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7.2 Kalman filter for linear systems 
The objective of the Kalman filter is to estimate the states of a controlled linear system. A 
linear discrete-time system is given by: 
 
ݔ௞ = ܨ௞ିଵݔ௞ିଵ + ܩ௞ିଵݑ௞ିଵ + ݓ௞ିଵ 
ݕ௞ = ܪ௞ݔ௞ + ݒ௞ 
(7.1) 
 
Where the process noise ݓ and measurement noise ݒ are white, zero-mean, uncorrelated 
and have known covariance matrices ܳ௞ andܴ௞, respectively: 
 
ݓ௞ ~ ܰ(0,ܳ௞) 
ݒ௞ ~ ܰ(0,ܴ௞) 
(7.2) 
 
As mentioned in the introduction of this chapter, the estimated states are dependent on the 
available measurements. In the case where all of the measurements up to and including 
time k are available for estimation of ݔ௞, the notation ݔො௞ା is used for the estimated states. 
Here the ”+” denotes that the estimate is a posteriori. If all of the measurements before, but 
not including time k is available for estimation of ݔ௞, the notation ݔො௞ି is used. In this case the 
”-” denotes that the estimate is a priori. The Kalman filter is also dependent on the recursive 
computation of the covariance of the estimated error ௞ܲ.  ௞ܲି denotes the covariance of the 
estimated error of ݔො௞ି, and ௞ܲା denotes the covariance of the estimated error of ݔො௞ା. The 
following equations summarize the definitions made in this paragraph: 
 ݔො௞ା = ܧ[ݔ௞|ݕଵ,ݕଶ, … ,ݕ௞] = ܽ ݌݋ݏݐ݁ݎ݅݋ݎ݅ ݁ݏݐ݅݉ܽݐ݁ (7.3) 
 ݔො௞ି = ܧ[ݔ௞|ݕଵ,ݕଶ, … ,ݕ௞ିଵ] = ܽ ݌ݎ݅݋ݎ݅ ݁ݏݐ݅݉ܽݐ݁ (7.4) 
 ௞ܲା = ܧ[(ݔ௞ െ ݔො௞ା)((ݔ௞ െ ݔො௞ା)்] (7.5) 
 ௞ܲି = ܧ[(ݔ௞ െ ݔො௞ି)((ݔ௞ െ ݔො௞ି)்] (7.6) 
 
The Kalman filter needs a starting point. The initial state is given by ݔ଴. Since there are no 
available measurements at time k = 0, it is reasonable to form ݔො଴ା as the expected value 
of ݔ଴, and the initial covariance is therefore given by  ௢ܲା: 
 
ݔො଴
ା = E(x଴) 
଴ܲ
ା = ܧ[(ݔ଴ െ ݔො଴
ା)((ݔ଴ െ ݔො଴
ା)்] 
(7.7) 
 
Further, the Kalman filter propagates with time by recursively preforming two different 
steps: a time update and a measurement update. In the time update, the estimates are 
updated from time (݇ െ 1)ା to time ݇ି.  In the measurement update the estimates are 
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updated from time ݇ି (before new available measurement) to time ݇ା (new available 
measurement is used in the estimation). Figure 7.1 illustrates the recursive transitions 
between the two steps. 
 
                           Measurement update                            Measurement update 
                                    ݔො௞ିଵି       ݔො௞ିଵା                                                 ݔො௞ି          ݔො௞ା    
         Time update                                       Time update                                          Time update 
                                   ௞ܲିଵି          ௞ܲିଵା                                                ௞ܲି        ௞ܲା 
                              
      k -1                                                                  k                           Time 
Figure 7.1: Illustration of the steps of the Kalman filter 
 
Time Update equations 
Between time (kെ 1)ା and time ݇ି, there are no new available measurements. The Kalman 
filter therefore uses the dynamics of the linear system to perform the time update. The 
equations used in this step are given by:  
 ݔො௞ି = ܨ௞ିଵݔො௞ିଵା + ܩ௞ିଵݑ௞ିଵ (7.8) 
 ௞ܲି = ܨ௞ିଵ ௞ܲାܨ௞ିଵ் + ܳ௞ିଵ (7.9) 
 
 
Measurement Update equations 
However, when a new measurement becomes available, the estimate can be improved by 
including the new information. This is therefore done in the measurement update equations:  
 ܭ௞ = ௞ܲ ିܪ௞்(ܪ௞ ௞ܲିܪ௞் + ܴ௞)ିଵ (7.10) 
 ݔො௞ା =  ݔො௞ି + ܭ௞(ݕ௞ െ ܪ௞ݔො௞ି) (7.11) 
 ௞ܲା = (ܫ െ ܭ௞ܪ௞) ௞ܲି(ܫ െ ܭ௞ܪ௞)் + ܭ௞ܴ௞ܭ௞்  (7.12) 
 
In order to calculate the a posteriori estimate of the states and covariance, the Kalman gain, 
ܭ௞,  have to be computed. The Kalman gain is a function that gives a measurement of how 
the filter should weight the information given by the system dynamics versus the available 
measurements. From equation (7.10) it is clear that if the measurement error covariance 
ܴ௞ approaches zero, the Kalman gain becomes larger. Equation (7.11) gives then that the 
filter “trusts” the actual measurements ݕ௞ more and more and the estimated 
measurement ܪݔො௞ି less and less. In the other case, when the estimate error covariance ௞ܲି  
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in equation (7.10) approaches zero, the Kalman gain becomes smaller. Equation (7.11) gives 
then that the filter “trusts” the estimated measurement ܪݔො௞ି  more and more and the actual 
measurements ݕ௞ less and less [25]. ௞ܲ  indicates the accuracy of the estimation and is 
therefore used in the evaluation of the filter performance. Since ௞ܲ is not dependent on the 
measurements, the investigation of the performance can be done offline.   
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7.3 Kalman filter for nonlinear systems 
In real life all systems are ultimately nonlinear. Today, the most widely applied state 
estimation algorithm for nonlinear systems is the extended Kalman filter (EKF). However, 
since the EKF is based on linearization, the estimates may be unreliable when the 
nonlinearity of the system is severe. A Kalman filter that reduces the linearization error of 
the EKF is the unscented Kalman filter (UKF) [21]. The algorithm of the UKF will now be 
presented.  
  
7.3.1 The unscented Kalman filter  
A n-state discrete-time nonlinear system is given by: 
 
ݔ௞ିଵ = ݂(ݔ௞,ݑ௞ , ݐ௞) + ݓ௞ 
ݕ௞ = ݄(ݔ௞, ݐ௞) + ݒ௞  
ݓ௞ ~ ܰ(0,ܳ௞) 
ݒ௞ ~ ܰ(0,ܴ௞) 
(7.13) 
 
Where the process noise ݓ and measurement noise ݒ are white, zero-mean, uncorrelated 
and have known covariance matrices ܳ௞ and ܴ௞, respectively. The initialization of the UKF is 
given by:  
 
ݔො଴
ା = E(x଴) 
଴ܲ
ା = ܧ[(ݔ଴ െ ݔො଴
ା)((ݔ଴ െ ݔො଴
ା)்] 
(7.14) 
 
 
Time Update equations 
1) In order to propagate from time (݇ െ 1)ା to time ݇ି, the filter uses what is called an 
unscented transformation. Under this transformation a set of deterministic vectors called 
sigma points, ݔො௞ିଵ
(௜)  are calculated as follows:  
 
ݔො௞ିଵ
(௜)
= ݔො௞ିଵ
ା + ݔ෤(௜)             ݅ = 1, … , 2݊ 
ݔ෤(௜)  = ቆට݊ ௞ܲିଵ
ା ቇ
௜
்
            ݅ = 1, … , ݊ 
ݔ෤(௡ା௜)  = െ  ቆට݊ ௞ܲିଵ
ା ቇ
௜
்
            ݅ = 1, … , ݊ 
(7.15) 
 
 
45 
 
Then the sigma points are transformed into the estimated state vectors ݔො௞
(௜)
 by using the 
known nonlinear function that describes the system: 
 ݔො௞
(௜)
= ݂(ݔො௞ିଵ
(௜)
,ݑ௞, ݐ௞)                   ݅ = 1, … , 2݊ (7.16) 
 
2) By combining all of the ݔො௞
(௜)vectors, the a priori state estimate at time k is obtained: 
 ݔො௞ି =  
1
2݊
෍ݔො௞
(௜)
ଶ௡
௜ୀଵ
 (7.17) 
 
3) Then, the a priori error covariance can be computed: 
 ௞ܲି =
1
2݊
෍ቀݔො௞
(௜)
െ ݔො௞
ି ቁ
ଶ௡
௜ୀଵ
ቀݔො௞
(௜)
െ ݔො௞
ି ቁ
்
+ ܳ௞ିଵ (7.18) 
 
Here, ܳ௞ିଵ is included in order to take the process noise into account. 
 
 
Measurement Update equations 
1) In the same manner as for the time update, the measurement update is based on an 
unscented transformation of sigma points. However, the current best estimate of the states 
and covariance is the a priori estimate, these are therefore used in the sigma point 
computation: 
 
ݔො௞ିଵ
(௜)
= ݔො௞
ି + ݔ෤(௜)             ݅ = 1, … , 2݊ 
ݔ෤(௜)  = ൫ඥ݊ ௞ܲ
ି൯
௜
்
            ݅ = 1, … ,݊ 
ݔ෤(௡ା௜)  = െ ൫ඥ݊ ௞ܲ
ି൯
௜
்
            ݅ = 1, … ,݊ 
(7.19) 
 
The known nonlinear measurement equation is then used to transform the sigma point into 
the predicted measurement vectors ݕො௞
(௜):  
 ݕො௞
(௜)
= ݄(ݔො௞
(௜)
, ݐ௞)                   ݅ = 1, … , 2݊ (7.20) 
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2) By combining all of the predicted measurement vectors ݕෝ௞
(௜), the predicted measurement 
at time k is otained: 
 ݕො௞ =  
1
2݊
෍ݕො௞
(௜)
ଶ௡
௜ୀଵ
 (7.21) 
 
3) The covariance of the predicted measurement is then calculated: 
 ௬ܲ =
1
2݊
෍ቀݕො௞
(௜)
െ ݕො௞ቁቀݕො௞
(௜)
െ ݕො௞ቁ
்
ଶ௡
௜ୀଵ
+ ܴ௞ (7.22) 
 
Here, ܴ௞ is included in order to take the measurement noise into account. 
 
4) Thereafter, the cross covariance between the a priori state estimate ݔො௞ି and predicted 
measurement ݕො௞ is calculated:  
 ௫ܲ௬ =
1
2݊
෍ቀݔො௞
(௜)
െ ݔො௞
ି ቁቀݕො௞
(௜)
െ ݕො௞ቁ
்
ଶ௡
௜ୀଵ
 (7.23) 
 
 
5) And finally, the measurement update can be performed by using the equations: 
 
ܭ௞ = ௫ܲ௬ ௬ܲ
ିଵ 
ݔො௞
ା = ݔො௞
ି + ܭ௞(ݕ௞ െ  ݕො௞) 
௞ܲ
ା = ௞ܲ
ି െ ܭ௞ ௬ܲܭ௞
்  
(7.24) 
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8 Implementations 
As stated in the scope of work, two of the main objectives of this thesis have been to run the 
advanced drilling simulator WeMod, and implement unscented Kalman filters that uses test-
data from WeMod to estimate the drilling fluid properties: density and plastic viscosity. The 
implementations made in order to achieve these objectives will be presented in this chapter. 
Two UKFs were implemented in this thesis. The UKFs were developed to be used on test-
data supplied by the advanced drilling simulator WeMod, but were also tested by using data 
from simple models implemented in Simulink®. The implementations were based on the 
theory presented in the previous chapters, and were divided into two cases: 
Case 1  
The method of the instrumented standpipe applied on pressure measurements made 
in the annulus of a wellbore.  
Case 2  
Combination of Case 1 and the utilization of other measurements available in a 
drilling operation.   
 
Before Case 1 and Case 2 are further explained, some aspects common for both the cases 
are stated: 
x In all of the systems generating test-data to the UKFs, drilling was not performed, but 
drilling fluid was however continuously circulated through the drilling system.  
x The back pressure pump was not active in any of the simulations generating test-
data. 
x It was assumed that the drilling had a plug flow behavior. 
x The ܳ,ܴ, and ଴ܲି matrixes in the UKFs were chosen as constant matrixes with values 
only on the diagonal. They were tuned in order to get a UKF with acceptable 
performance. As a starting point, the elements on the diagonal of ܳand ܴ were sat to 
be the squared value of the typical variation in the states and measurements, 
respectively.  
x The proses noise (ݓ௞) and measurement noise (ݒ௞) in the UKF system descriptions 
were omitted in both Case 1 and Case 2.   
x It was assumed that the wellbore configuration parameters given in Table 8.1 and the 
parameters in the section dated “2011-12-15T10:06:00” in loss_v2.xml were used in 
the WeMod simulation.  
x The effect that temperature has on drilling fluids was not taken into account. 
x In the scenario where WeMod was used to generate test-data, the estimations were 
performed on data where the system had approximately stationary conditions. 
x The Euler forward method was used when a system was discretized. 
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Parameter Value 
Well total length 2300 [݉] 
Well vertical depth 1720 [݉] 
Annulus inner diameter  0.2445 [݉] 
Drill string inner diameter 0.1183 [݉] 
Drill string outer diameter 0.1397 [݉] 
Fluid density  
1.475 ൤
ܭ݃
ܮ
൨ 
Table 8.1 Configuration parameters assumed to be true for the WeMod simulation. 
 
 
8.1 Case 1 
The idea behind Case 1 was to apply the theory of the Instrumented stand pipe on pressure 
measurements made in a horizontal section and nearly vertical section of an annulus. In a 
real drilling operation these pressure measurements could be realized by using for instants a 
weird drill pipe. In Case 1 the pressure measurements were obtained through simulation of a 
drilling operation, either by using WeMod or Simulink. The test-data from the simulation was 
then used as input to a UKF estimating the density (ߩ) and the plastic viscosity (ߤ௣) of the 
drilling fluid.  
 
8.1.1 Implementation of UKF  
The implementation of the UKF in this case was based on the theory presented in chapter7, 
and were implemented as an offline algorithm in Matlab®. That is, iterative in a for-loop, the 
right inputs and measurements from the set of test-data were extracted, and the time 
update and measurement update equations were executed. The UKF time update function 
and measurement update function used in this thesis were developed in [Tone]. The system 
description needed in order to execute the time update function and measurement update 
function was based on the equations presented in chapter 2.5.2.1 and chapter 4, and will be 
presented in the following.  
The state equations  
It was chosen to approximate the drilling fluid used in the WeMod simulation as a Bingham 
plastic fluid. This decision was made based on the fact that the Bingham plastic model is 
simple, yet can be acceptably accurate at high shear rates. It was also chosen that the UKF 
should estimate the density (ߩ) and the plastic viscosity (ߤ௣) of the drilling fluid. As a 
simplification, the density and plastic viscosity were taken as constant parameters giving the 
state equations:  
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݀ߩ
݀ݐ
= 0  
݀ߤ௣
݀ݐ
= 0 
(8.1) 
 
The measurement equations 
The measurement equations used in the UKF system description, were based on the 
equations form chapters 2.5.2.1. In Case 1, these equations became: 
  
ο ௛ܲ = ܲ1 െ ܲ2  
 
ο ௛ܲ = ߩ݄݃ଵ െ  ߩ݄݃ଶ + ௛ܲ,௙   ,    ο݄௛ = ݄ଵ െ ݄ଶ   
 
ο ௛ܲ = ߩ݃ο݄௛ + ௛ܲ,௙  
(8.2) 
 
 
ο ௩ܲ = ܲ3െ ܲ4  
 
ο ௩ܲ = ߩ݄݃ଷ െ  ߩ݄݃ସ + ௩ܲ,௙   ,   ο݄௩ = ݄ଷ െ ݄ସ   
ο ௩ܲ = ߩ݃ο݄௩ + ௩ܲ,௙ 
(8.3) 
 
Where, ο݄௛ was the height between the simulated pressure measurements in the horizontal 
part of the annulus and ο݄௩ was the height between the simulated pressure measurements 
in the nearly vertical part of the annulus.  
The ο݄௛ and ο݄௩ was found by comparing the measured depth (MD) with the total vertical 
depth (TVD). The MD and TVD values were found in the configuration file loss_v2.xml. In the 
derivation of the ௛ܲ,௙ and ௩ܲ,௙ it was assumed that the frictional pressure loss throughout 
the annulus was constant, making ௛ܲ,௙ = ௩ܲ,௙ = ௙ܲ. It was also assumed that the flow 
regime prevailing in the annulus was laminar. In chapter ??, the laminar volume flow of a 
Bingham plastic fluid is given by: 
 
ݍ =
ߨ(݀௛
ଶ െ ݀଴
ଶ)(݀௛ െ ݀଴)
48ߤ௣
 ߬௪  ቆ1 െ  
3
2
൬
߬଴ 
߬௪
൰  +  
1
2
 ൬
߬଴ 
߬௪
൰
ଷ
ቇ  ,   
  
௙ܲ
ܮ
=
4
݀௛ െ ݀௢
 ߬௪ 
(8.4) 
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Assuming that ߬௪ > 2߬଴, and checking that the outer diameter of the drill string divided by 
the diameter of the annulus was bigger than 0.3, the frictional pressure loss ௙ܲ in the 
annulus was found in the following way: 
 
݀௢
݀௛
=
0.1397
0.2445
= 0.57137 > 0.3 (8.5) 
 
 
ݍ = ܣ ߬௪  ൬1 െ  
3
2
൬
߬଴ 
߬௪
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ଶ െ ݀଴
ଶ)(݀௛ െ ݀଴)
48ߤ௣
  
ݍ = ܣ ߬௪ െ
3ܣ߬଴
2
  
ݍ = ܣ
(݀௛ െ ݀௢)
4
 
௙ܲ
ܮ
െ
3ܣ߬଴
2
  
ݍ = ܣ
(݀௛ െ ݀௢)
4
 
௙ܲ
ܮ
െ
3ܣ߬଴
2
 
݀݌
݀ݔ
=
4
ܣ(݀௛ െ ݀௢)
 ݍ +
6߬଴
(݀௛ െ ݀௢)
  
௙ܲ = ቆ
192ߤ௣
ߨ(݀௛
ଶ െ ݀௢
ଶ)(݀௛ െ ݀௢)
ଶ
ݍ + 
6߬଴
(݀௛ െ ݀௢)
ቇ  ܮ 
(8.6) 
 
By using the last equation of (8.6) in (8.2) and (8.3), the measurement equations were 
obtained: 
 
 
 
ο ௛ܲ = ߩ݃ο݄௛ + ቆ
192ߤ௣
ߨ(݀௛
ଶ െ ݀௢
ଶ)(݀௛ െ ݀௢)
ଶ
ݍ +  
6߬଴
(݀௛ െ ݀௢)
ቇ  ܮ  
ο ௩ܲ = ߩ݃ο݄௩ + ቆ
192ߤ௣
ߨ(݀௛
ଶ െ ݀௢
ଶ)(݀௛ െ ݀௢)
ଶ
ݍ +  
6߬଴
(݀௛ െ ݀௢)
ቇ  ܮ 
(8.7) 
 
The total system description 
The mud pump flow (ݍ௣) was used as an approximation of the flow in the annulus and the 
following notation was introduced: 
 
 
51 
 
States:    ࢞ =  ቂ
ݔଵ
ݔଶ
ቃ  ؜  ቂ
ߩ 
ߤ௣ 
ቃ   
Measurements:   ࢟ =  ቂ
ݕଵ
ݕଶ
ቃ  ؜  ൤
ο ௛ܲ
ο ௩ܲ
൨ 
Input:    ݑ ؜ ݍ௣  
 
This discrete time version of the system was then found: 
  
 
࢞(݇ + 1) = ࢌ(࢞(݇),ݑ(݇), ݐ(݇)) 
࢞(݇ + 1) =  ൤
ݔଵ(݇)
ݔଶ(݇)
൨ 
(8.8) 
 
 
࢟(݇) = ࢎ(࢞(݇),ݑ(݇), ݐ(݇)) 
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ଶ)(݀௛ െ ݀௢)
ଶ
+
6߬଴
(݀௛ െ ݀௢)
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 ݔଵ(݇)݃ο݄௛ + 10
ିହ ൮
192 ݔଶ(݇) ൬
ݑ(݇)
60000
൰
ߨ(݀௛
ଶ െ ݀௢
ଶ)(݀௛ െ ݀௢)
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+
6߬଴
(݀௛ െ ݀௢)
൲ܮ
ے
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې
 
 
(8.9) 
 
This system was implemented as functions in Matlab®. In order for the fractional pressure 
loss to have the unit [ܾܽݎ], the mud pump flow was divided by 60000 and frictional 
pressure loss was multiplied by 10ିହ. By using the method presented in equation (2.3) on 
the Fann measurements given in loss_v2.xml, the Bingham plastic parameters ߤ௣ and 
߬଴ were obtained. The yield stress (߬଴) was sat to be a known constant parameter for the 
execution of the UKF. 
 
8.1.2 Implementation of Simulink® model 
A system based on (8.8) and (8.9) was implemented in Simulink® and used to generate test-
data for the UKF. The parameters defining the dimensions of the wellbore, the drilling fluid 
properties, and the distance and height between pressures measurements, were the same 
as those used for the WeMod simulator. By using the WeMod parameters, one of the 
differential pressures was placed in a vertical section of an annulus and the other differential 
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pressure was placed in a nearly horizontal section. The mud pump flow was chosen based on 
a compromise between obtaining a laminar flow in the annulus and obtaining high shear 
rates in annulus. The laminar flow was needed in order for (8.6) to hold, and the high shear 
rates were needed in order for the Bingham plastic approximation to be accurate. Based on 
[9], it was assumed turbulence for a Reynolds number bigger than 2100. By using the 
effective viscosity for a Bingham plastic fluid in the calculation of the Reynolds number, the 
simulated flow regime prevailing in the annulus was determined to be just on the verge of 
becoming turbulent for a volume flow of 1390 ቂ ௅
௠௜௡
 ቃ. As an approximation, the mud pump 
flow was then taken to be the same as the volume flow found in this calculation.  
 
8.1.3 Implementations made in runLoss_v2.m 
WeMod was used to simulate a Wellbore with a profile that was first vertical and then nearly 
horizontal. Pressures at different places in the annulus were measured during the 
simulation. This made it possible to calculate the pressure difference between two points in 
the vertical part of the annulus, and between two points in the nearly horizontal part of the 
annulus. These four points were selected by comparing the TVD values and MD values 
stored in the configuration file loss_v2.xml. In the main m-script runLoss_v2.m some changes 
were made: 
x In the initialization part of runLoss_v2.m, the md.calc.UseComplexReservoir 
parameter was changed from true to false (see Appendix 1), assuming that this 
would enable the loss of drilling fluids to the formation.  
x In the main loop, the if-statement setting the mud pump flow to a constant 
2000 ቂ
௅
௠௜௡
ቃ and the MPD choke opening to a constant 100 [%] was exchanged with 
a function call and a Proportional controller (P-controller). In the remainder of this 
thesis, the function executed with the function call will be referred to as the Input 
function. The Input function and the P-controller are further explained in the 
following. 
The Input function 
The Input functions were implemented in order to set the mud pump flow at every time step 
in an orderly fashion, and in order to easily use the same runLoss_v2.m to test the WeMod 
simulator with different mud pump flows. Based on the same arguments given for the model 
implemented in Simulink®, the mud pump flow was sat by the Input function to 
be 1390 ቂ ௅
௠௜௡
ቃ throughout the simulation. 
The Proportional controller 
Initially it was chosen to implement a P-controller that would ensure that the downhole 
pressure followed a given reference by adjusting the MPD choke opening. This was done in 
order to achieve a simulation that was consistent with a real drilling operation. However, 
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when the downhole pressure reference were to be selected it became clear that the 
controller would not be able to satisfy the limits sat by the downhole pore pressure and 
fracture pressure when the mud pump flow was 1390 ቂ ௅
௠௜௡
ቃ. Attempts on finding a way of 
changing the density of the drilling fluid were made, but none were found. Because the 
WeMod simulator seemed to work normally although the pressure was higher than the 
fracture pressure, and because it was not crucial for the estimation in the UKF that the 
downhole pressure achieved exactly this reference, it was chosen to set the reference to 
250 [ܾܽݎ] and make the controller aggressive. In this way the pressure was kept as close to 
the reference as possible. The controller was implemented with the proportional gain 
ܭ௣ and a limitation making it only possible for the controller to set a choke opening between 
0 and 100 [%]. Since the downhole pressure increases when the opening in the choke 
decreases, the sign of the proportional gain was negative. The diameter of the choke 
opening was not known, but based on comparison of the other dimensions in the well, the 
choke pressure, and flow rate it was assumed that the choke would be able to go from 
0 [%] opening to 100 [%] opening, within a minute.  
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8.2 Case 2 
Case 2 was a continuation of Case 1. The idea behind case 2 was to use test-data from a 
simulated drilling operation in two UKF estimations performed in series. That is, iterative in a 
for-loop the UKF implemented in Case 1 was used to estimate the density (ߩ) and the plastic 
viscosity (ߤ௣) of the drilling fluid. Subsequent in the same for-loop, a second UKF with a 
system description based on the simplified hydraulics system presented in chapter 4, took 
the estimated density (ߩ) and the plastic viscosity (ߤ௣) together with other available 
measurements as input. The UKF used these parameters to estimate the pump pressure 
(݌௣), the choke pressure (݌௖), the flow through the drill bit (ݍ), and a parameter accounting 
for possible changes in the annulus geometry (ߠ).  
Case 2 was implemented in order to account for possible changes in the annulus geometry, 
in addition to check if differential pressure measurements from the annulus could be used as 
an alternative for downhole pressure measurement techniques used today. This would imply 
that the method of instrumented stand pipe could also be used as an alternative.  
 
8.2.1 Implementation of the UKF 
As in Case 1, the implementation of the UKFs was based on the theory presented in chapter 
2.5.2.1. Both of the UKFs were implemented as offline algorithms in Matlab® as described in 
Case 1. The system description needed in order to execute the time update function and 
measurement update function in the first UKF was as described in Case 1. The system 
description used in the second UKF was based on the simplified hydraulics model presented 
in chapter 4, and will be presented in the following. 
System description  
The simplified hydraulics model presented in chapter 4 is given once again here: 
 ௗܸ
ߚௗ
݀݌௣
݀ݐ
= ݍ௣ െ ݍ௕௜௧ (8.10) 
 ௔ܸ
ߚ௔
݀݌௖
݀ݐ
=  െ
݀ ௔ܸ
݀ݐ
+ ݍ௕௜௧ + ݍ௕௣௣ െ ݍ௖  (8.11) 
 ܯ
݀ݍ
݀ݐ
= ቊ
݌௣ െ ݌௖ െ ௙ܲ(ݍ, ߤ) െ (ߩ௔ െ  ߩௗ)்݄݃௏஽                  ݍ௕௜௧ > 0
maxൣ0,   ݌௣ െ ݌௖ െ ௙ܲ(ݍ, ߤ) െ  (ߩ௔ െ  ߩௗ)்݄݃௏஽൧  ݍ௕௜௧ = 0 
 (8.12) 
 ݌ௗ௛ = ݌௖ + ௔ܲ,௙ െ ߩ௔்݄݃௏஽ (8.13) 
 
Based on knowledge about the WeMod simulation the following changes were made to the 
system: 
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1) Because drilling fluid was always flowing through the drilling bit, the case ݍ௕௜௧ > 0 of 
equation (8.12) was used.  
2) The back pressure pump was not active during the simulation, meaning that ݍ௕௣௣ could 
be sat to zero.                                                             
3) Since only one annulus diameter was given, the volume of the annulus ( ௔ܸ) was assumed 
to be constant, making the time derivate ௗ௏ೌ
ௗ௧
  in equation (8.11) zero. 
4) It was assumed that the flow in the drill string was dominated by a turbulent behavior. 
The frictional pressure loss in the drill string ( ௗܲ,௙) was defied as: 
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߬଴ߨ݀
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ோܰ௘
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ۈ
ۈ
ۇ
0.1582ߩௗ ቀ
ݍ௕௜௧
ܣௗ
ቁ
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ݍ௕௜௧
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ቁ ݀௜
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ۋ
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 ܯܦ 
(8.14) 
 
Where ܣௗ is the areal of the drill string and ߩௗ  is the density in the drill string and ݀௜  is the 
inner diameter of the drill string. 
  
5) As in Case 1 it was assumed that the flow in the annulus was laminar. The equations for 
frictional pressure loss in the annulus ( ௔ܲ,௙ ) was therefore taken as:  
 ௔ܲ,௙ =  ቆ
192ߤ௣
ߨ(݀௛
ଶ െ ݀௢
ଶ)(݀௛ െ ݀௢)
ଶ
ݍ௕௜௧ +  
6߬଴
(݀௛ െ ݀௢)
ቇ  ܯܦ (8.15) 
 
6) The flow through the choke (ݍ௖) was seen as a disturbance to the system. 
7)  A parameter ߠ accounting for possible changes in annulus was added as a state. Because 
of the assumption made in point 2) this parameter was sat to have a staring value ߠ(݇ =
0) = 1. 
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Assumptions 1)-6) resulted in this altered version of the simplified hydraulics model: 
 
ௗܸ
ߚௗ
݀݌௣
݀ݐ
= ݍ௣ െ ݍ௕௜௧ 
௔ܸ
ߚ௔
݀݌௖
݀ݐ
=  ݍ௕௜௧ െ ݍ௖ 
ܯ
݀ݍ
݀ݐ
= ݌௣ െ ݌௖ െ ௗܲ,௙ െ Pୟ,୤ െ (ߩ௔ െ  ߩௗ)்݄݃௏஽ 
݀ߠ
݀ݐ
= 0 
(8.16) 
 
 ݌ௗ௛ = ݌௖ + ௔ܲ,௙ െ ߩ௔்݄݃௏஽ (8.17) 
 
 
The following notation was introduced:  
States:    ࢞ =  ൦
ݔଵ
ݔଶ
ݔଷ
ݔସ
൪  ؜  ቎
݌௣
݌௖
ݍ௕௜௧
ߠ
቏   
Input:    ݑ ؜ ݍ௖  
Disturbance:    ݀ ؜ ݍ௣ 
 
The resulting discrete time system was implemented as functions in Matlab® and used as the 
system description in UKF:  
 
ܠ(k + 1) = ࢌ(ܠ(k),ݑ(݇), ݐ(݇)) 
=
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ێ
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1
ܯ
ݔସ(݇) ے
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې
  , 
(8.18) 
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࢟(݇) = ࢎ(࢞(݇),ݑ(݇), ݐ(݇)) 
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(8.19) 
 
 
Estimation of the simplified hydraulics model parameters 
In order to use the system description given in (8.18) and (8.19), the unknown parameters  
ఉ೏
௏೏
 , ఉೌ
௏ೌ
 ,οߩ, ߩ௔ and ܯ had to be estimated. This was done by applying the Method of least 
squares on measurements from different WeMod simulations. The WeMod simulations 
were chosen in a way that ensured excitation of the right measurements and that the rest of 
the measurements were approximately stationary. 
The equations used in the least squares calculations were based on the discrete time version 
of eq (8.16)-(8.17), where the terms െௗ௏ೌ
ௗ௧
  and ݍ௕௣௣ were omitted, and the ݍ௕௜௧ > 0 case 
was used. Based on [8] the frictional pressure loss in the drill string and annulus was taken as 
the simplified functions: 
 
ௗܲ,௙ = ݌ௗ,௙ ݍ௕௜௧
ଶ  
௔ܲ,௙ =  ݌௔,௙ ݍ௕௜௧ 
(8.20) 
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This gave the following discrete time version of the system: 
 ݌௣(݇ + 1) െ ݌௣(݇) =  οݐ(݇)(ݍ௣(k)െ ݍ௕௜௧(݇)) 
ߚௗ
ௗܸ
 (8.21) 
 ݌௖(݇ + 1 ) െ ݌௖(݇)  =  οݐ(݇)(ݍ௕௜௧(݇) െ ݍ௖(݇))
ߚ௔
௔ܸ
 (8.22) 
 
ݍ௕௜௧(݇ + 1) െ ݍ௕௜௧(݇)
= οݐ(݇)(݌௣(݇) െ ݌௖(݇) െ ݌ௗ,௙ݍ௕௜௧
ଶ (k) െ ݌௔,௙ݍ௕௜௧(݇) + οߩ்݄݃௏஽)
1
ܯ
 
(8.23) 
 ݌ௗ௛(݇) = ݌௖(݇) + ݌௔,௙ ݍ௕௜௧ + ߩ௔்݄݃௏஽ (8.24) 
 
By considering different ways of combining equations these equations, equations where the 
unknown parameters were linearly represented with respect to each other were found: 
 
 ݍ௣(݇) െ qୡ(k)  = ൣ݌௣(݇ + 1) െ ݌௣(݇)    pୡ(k + 1) െ pୡ(k)൧
ۏ
ێ
ێ
ۍ
ௗܸ
ߚௗ
௔ܸ
ߚ௔ے
ۑ
ۑ
ې
 (8.25) 
  ݌ௗ௛(݇) െ ݌௖(݇) = [ݍ௕௜௧    ݄݃] ൤ ௔݂  ߩ௔
൨ (8.26) 
 
݌௖(݇) െ ݌௣(݇) = [ݍ௕௜௧(݇ + 1)
െ ݍ௕௜௧ (݇)     ݍ௕௜௧(݇)     ݍ௕௜௧
ଶ (݇)     ݄݃] ൦
ܯ
௔݂
ௗ݂
οߩ
൪ 
(8.27) 
 
Because the WeMod simulator did not provide measurement of the flow through the drill bit 
was exchanged with the measured flow through the choke. In order for this assumption to 
be accurate, the choke pressure was held approximately stationary. 
In order to verify the parameters, a model based on this system was implemented in 
Simulink®. In this model the estimated parameters were used and the flow through the 
choke was implemented using: 
 ݍ௖(݇) =  ඥ(݌௖(݇) െ ݌௖଴(݇))݃௖(ݖ௖(݇)) (8.28) 
  
This equation was obtained from [8].  The ݃௖(ݖ௖) was approximated as a second-order 
function and estimated using the Method of least squares: 
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 ݃௖(݇) =  
1
ඥ݌௖(݇) െ ݌௖௢(݇) 
ݍ௖(݇) = [ ݖ௖
ଶ(݇)    ݖ௖(݇) 1] ൥
ܥଵ
ܥଶ
ܥଷ
൩ (8.29) 
 
The mud pump flow and choke opening form one of the simulations of WeMod was sent in 
to the model and the resulting measurements were compared to the WeMod 
measurements. 
 
8.2.2 Test-data generated by Simulink® simulation 
The model implemented in Simulink® in this case was a combination of the model 
implemented in Case 1, the system given in (8.16) , (8.17)and (8.28), and a PI-controller.  
The PI-controller  
The motivation for adding a PI-controller to the system was the same as for the WeMod 
controller; ensure that the downhole pressure followed a given reference. Based on 
experience form the project work [Tone], the proportional gain ܭ௣ and integral gain ܭ௜ was 
found by trial and error. It was decided that an overshoot of  5 [ܾܽݎ] would be acceptable, 
and that the downhole pressure should reach its reference within 15 [ݏ݁ܿ݋݊݀ݏ].  
Choice of mud pump flow 
Once again the Reynolds number was used to find an appropriate mud pump flow. That is, a 
flow ensuring that assumption 4) and 5) and the approximation of the drilling fluid as a 
Bingham plastic fluid was valid. By using the effective viscosity for a Bingham plastic fluid in 
the calculation, it was found that the simulated flow regime prevailing in the drill string was 
turbulent for a volume flow of 1390 ቂ ௅
௠௜௡
 ቃ. From the calculation previously performed, it 
was already known that this volume flow would result in a laminar flow behavior in the 
annulus. Once again the mud pump flow was approximated as the volume flow found in 
these calculations. 
 
8.2.3 Test-data generated by WeMod simulation 
The implementations made in WeMod in order to generate test-data for this case, were the 
same as those made in Case 1. The same controller and Input function was used. The 
WeMod simulation provided measurements of pump pressure (݌௣), choke pressure (݌௖), 
mud pump flow (ݍ௣) and downhole pressure (݌ௗ௛). The mud pump flow (ݍ௣) was used as an 
approximation of the flow through the drill bit (ݍ௕௜௧).   
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9 Simulations and results 
During the implementations presented in chapter 8, calculations and simulations were 
performed. The results of these calculations and simulations will be presented in this 
chapter. 
9.1 Controller used in WeMod simulation 
For the P-controller used in both Case 1 and Case 2 it was chosen to set the proportional 
gain ܭ௣ to െ0.15. This gave the controller behavior shown in Figure 9.1, and the downhole 
pressure response shown in Figure 9.2. 
 
Figure 9.1 Controller behavior 
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Figure 9.2 Downhole pressure response 
 
For this controller gain the mud pump pressure and choke pressure was as seen in Figure 9.3 
and the flow rates through the mud pump and choke was as can be seen in Figure 9.4. 
 
Figure 9.3 Mud pump pressure and choke pressure. 
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Figure 9.4 Flow rates through the mud pump and choke 
 
9.2 Controller used in Simulink® model 
In Figure 9.5 the closed loop response of the downhole pressure is shown. This response was 
obtained by selecting ܭ௣ = െ3 and ܭ௜ = െ1.2.  
 
Figure 9.5  Closed loop response of the downhole pressure 
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9.3 Estimation of the Simplified hydraulics model parameters 
The Method of least squares gave the following parameters for the system discretion used in 
the UKF implemented in Case 2 and the model implemented in Simulink in Case 2. 
Parameter Value 
ࢂࢇ
ࢼࢇ
 350.455 ൤
ܮ
ܾܽݎ
൨  
ࢂࢊ
ࢼࢊ
 51.0451 ൤
ܮ
ܾܽݎ
൨  
࣋ࢇ 1.490 ൤
ܭ݃
ܮ
൨  
࣋ࢊ 1.470 ൤
ܭ݃
ܮ
൨  
ο࣋ 
െ20.382 כ 10ିଷ ൤
ܭ݃
ܮ
൨  
ࡹ 
0.0519 ቈ
ܾܽݎ  ݉݅݊ଶ
ܮ
቉  
࡯૚ 0.3115   
࡯૛ 114.2496 
࡯૜ 69.5066 
Table 9.1  Parameters for the system discretion used in the UKF implemented in 
Case2 
The comparison of the Simulink system with the WeMod system is shown in Figure 9.6 and 
Figure 9.7. 
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Figure 9.6 Verification of estimated parameters. 
 
Figure 9.7 Verification of estimated parameters 
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9.4 Case 1 unscented Kalmen filter estimations  
 
9.4.1 Test-data generated by Simulink® model 
The Simulink model was simulated for a period of 60 [ݏ݁ܿ݋݊݀ݏ]. The starting value of the 
density and plastic viscosity was sat to the correct value. The ܳ,ܴ and ଴ܲି was chosen as: 
Q = diag([(10^-4)^2 (10^-4)^2 ]);
R = diag([(10^-1)^2 (10^-1)^2]);
P_apost = diag([10^-4 10^-3]);
This gave the UKF estimation presented in Figure 9.8.  
 
 
Figure 9.8 Case 1 UKF estimation, test-data from Simulink® 
 
9.4.2 Test-data generated by WeMod simulation 
It was chosen to execute the UKF on test-data where the system simulated by WeMod had 
obtained approximately stationary conditions. The starting value of the density and plastic 
viscosity was sat to be the right values, and after tuning ܳ,ܴ and ଴ܲି their value were: 
Q = diag([(10^-3)^2 (10^-1)^2 ]);
R = diag([(10^-1)^2 (10^-1)^2]);
P_apost = diag([10^-5 10^-5]);
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The UKF estimation is shown in Figure 9.9. In Figure 9.10 displays the difference between the 
frictional pressure loss in the vertical and horizontal section of the annulus.   
 
Figure 9.9 Case 1 UKF estimation, test-data from WeMod 
 
 
Figure 9.10 Difference between the frictional pressure loss in the vertical and 
horizontal section of the annulus. 
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9.5 Case 2 unscented Kalmen filters estimations 
 
9.5.1 Test-data generated by Simulink® model 
Using test-data from the Simulink® model and exploiting all of the available measurements 
in the estimation, resulted in the estimations shown in Figure 9.11 and Figure 9.12. Here the 
starting value of the density was given by ߩ௔  from Table 9.1, and the plastic viscosity was still 
as given in loss_v2.xml. The starting value for the mud pump pressure and choke pressure 
was given by the WeMod measurements. The drill bit flow was initialized as the WeMod 
simulated mud pump flow, and the geometry parameter was initialized with 1. The ܳ,ܴ and 
଴ܲ
ି chosen for the UKF estimating density and plastic viscosity were: 
 
Q = diag([(10^-4)^2 (10^-4)^2 ]);
R = diag([(10^-1)^2 (10^-1)^2]);
P_apost = diag([10^-4 10^-3]);
 
 
The ܳ,ܴ and ଴ܲି chosen for the UKF estimating mud pump pressure, choke pressure, dril bit 
flow and geometry parameter were: 
 
Q = diag([(10^-4)^2 (10^-5)^2 (10^-2)^2 (10^-5)^2]);
R = diag([(10^-1)^2 (10^-2)^2 (10^1)^2 (10^-2)^2]);
P_apost = diag([10^-4 10^-5 10^-2 10^-5]);
 
 
 
 
Figure 9.11 Case 2 UKF estimation, test-data from Simulink® 
68 
 
 
Figure 9.12  Case 2 UKF estimation, test-data from WeMod 
 
Next, the UKF was executed without the use of the downhole pressure measurement in the 
UKF. The The ܳ and ଴ܲି were as in the previous estimation, and the last term in ܴ was 
removed. The starting values of the states were also as in the previous estimation. The 
estimations obtained in this scenario is shown in Figure 9.13 and Figure 9.14.  
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Figure 9.13 Case 2 UKF executed without the use of the downhole pressure 
measurement, test-data from Simulink® model. 
 
Figure 9.14 Case 2 UKF executed without the use of the downhole pressure 
measurement, test-data from Simulink® model. 
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Lastly, the UKFs were tested by changing the initial value of the states that were to be 
estimated. The initial values of the previous scenario, that is, the scenario where downhole 
measurement was not used in the estimation, were changed in the following way: 
x_0_UKF1 = [2*rho_a 2*my_p]';
x_0_UKF2 = [20+p_p_m(1,1) 10+p_c_m(2,1) 500+q_c_m(3,1) 1]';
 
The convergence of these UKFs, was as can be seen in Figure 9.15 and Figure 9.16. 
 
Figure 9.15 Case 2 UKF with changed initial value, test-data from Simulink® model 
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Figure 9.16 Case 2 UKF with changed initial value, test-data from Simulink® model 
 
9.5.2 Test-data generated by WeMod simulation 
Also when test-data from WeMod was used in the UKFs, the UKFs were executed with and 
without the use of the downhole pressure measurement. These estimations can be seen in 
Figure 9.17 – Figure 9.20. For the scenario using the downhole measurement the ܳ,ܴ and 
଴ܲ
ି were: 
P_apost = diag([10^-4 10^-3]);
Q = diag([(10^-3)^2 (10^-1)^2 ]);
R = diag([(10^-1)^2 (10^-1)^2]);
 
for the UKF estimating density and plastic viscosity, and: 
P_apost = diag([10^-4 10^-4 10^-1 10^-5]);
Q = diag([(10^1)^2 (10^0)^2 (10^2)^2 (10^-6)^2]);
R = diag([(10^0)^2 (10^-1)^2 (10^2)^2 (10^1)^2]);
 
for the second UKF. For the scenario not using the downhole measurement the ܳ and 
଴ܲ
ି was unchanged, but the last term in ܴ was removed. 
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Figure 9.17 Case 2 UKF estimation, test-data from WeMod. 
 
Figure 9.18 Case 2 UKF estimation, test-data from WeMod. 
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Figure 9.19 Case 2 UKF executed without the use of the downhole pressure 
measurement, test-data from WeMod. 
 
Figure 9.20 Case 2 UKF executed without the use of the downhole pressure 
measurement, test-data from WeMod. 
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10 Discussion 
In this chapter some of the assumptions that have been made and the results that have been 
found are discussed.  
10.1 Simplifications 
In the implementations performed in this thesis several simplifications and assumptions 
were made. These were made in order to obtain Simulink® models and UKF system 
descriptions where the complexity of the implementation would fit the scope of the project. 
Most of these assumptions do not hold for a real drilling operation. For example, in a real 
well the volume of the annulus is not constant and the temperature will have an impact on 
the drilling fluid properties. 
The assumption that the wellbore configuration parameters in the section dated “2011-12-
15T10:06:00” in loss_v2.xml were used in the WeMod simulation, may be wrong. Because of 
the size of the loss_v2.xml file (over 60 000 lines with code), significant WeMod 
configuration aspects may not have been discovered and not taken in to consideration.  
 
10.2 Development of the controllers 
The controller used in WeMod, when in saturation and did not reach its reference. But as 
can be seen from the Figure 9.3 and Figure 9.4,  the system WeMod simulator seemed to 
work normally. The controller used in the Simplified drilling system performed acceptable. 
The downhole pressure reached its reference within 15 [ݏ݁ܿ݋݊݀ݏ] and had an overshoot 
under 5 [ܾܽݎ]. 
 
10.3 Execution of the unscented Kalman filters 
The UKFs used with test-data from Simulink performed acceptable both in Case 1 and Case 
2, but the UKFs using test-data from WeMod did not. The reason for this may partly be 
because the frictional pressure loss in the annulus was different for the horizontal and nearly 
vertical sections.  This can be seen in Figure 9.10. It can also partly be because of the 
assumption of laminar flow in annulus and turbulent flow in drill string, and the 
approximation of the drilling fluid as a Bingham plastic fluid.  
In the scenario where the downhole pressure measurement was not used the estimations 
indicated that this did not have an influence on the estimation of the density and plastic 
viscosity. 
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11 Concluding remarks and further work 
In this thesis, the drilling fluid properties have been studied. Research has been made on the 
topics of drilling operations and various ways of obtaining automatic measurements of 
drilling fluid properties. The advanced drilling simulator WeMod and implemented Simulink® 
models have simulated. Implemented UKFs have used test-data for these simulations to 
estimate drilling fluid properties. It has been shown that an unscented Kalman filter can be 
used to estimate drilling fluid properties of a drilling fluid simulated in a simplified drilling 
system. Is has also been indicated that the instrumented standpipe can be used as an 
alternative for downhole measurements.  
In further work, several more tests should be performed on the unscented Kalman filters. 
For example, should the filter be tested for how it responds if there is noise in the test-data. 
The drilling fluid should be approximation with a rheology model more accurate that the 
Bingham Plastic model, for example the Herschel-Bulkley model. 
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Appendix 1 
 
The following code is executed in the initialization part of runLoss_v2.m: 
%% Initialize drillingcalculator
% An IRISDrill object is created
md=IRISDrill();
% The IRISDrill object requires a wellbore in an xml format
md.loadWellbore('loss_v2.xml');
% After the wellbore is loaded, it is possible to modify the
% Wellboreobject, e.g. change the properties of its associated reservoir object.
md.calc.UseComplexReservoir = true; % use this for only loss cases
md.calc.ComplexReservoirZonePermeabilityFrac = 2000; % Adjusts the loss rate, 
default value is 10000
md.calc.ComplexReservoirMudLossFactor = 0.1000; % for balloning
md.calc.ComplexReservoirSegmentLength = 1;
md.calc.ComplexReservoirZonePermeability = 100;
md.calc.ComplexReservoirZonePorosity = 0.0500;
md.calc.ComplexReservoirZoneSkinFactor = 1;
md.calc.ComplexReservoirZonePressureMultiplier = 0.9000;
md.calc.ComplexReservoirZonePermeabilityMultiplier = 0.1000;
md.calc.ComplexReservoirZoneFractureBalooningPressureFactor = 0.8000;
ComplexReservoirKickOffTime = System.TimeSpan(0,0,120); % loss starts after 120 
seconds
md.calc.ComplexReservoirKickOffTime=ComplexReservoirKickOffTime;
md.initialize();
md.calc.ComplexReservoirKickOffTime.FromSeconds(100);
timeStep = 1;
md.calc.StepDuration = 1;
md.calc.UseWemodInterpolationsForReturnFlowValues = false;
 
The following code is executed in the Main loop of runLoss_v2.m: 
%% Main loop
for timeCount=1:maxCounts
if mod(timeCount,100) == 0
disp(timeCount);
end
if scenario == 1
if(timeCount==floor(1/timeStep) )
q_p = 2000/60000; % mud pump flow rate in m3/s
z_c = 100; % mpd choke opening in %
z_rc = 0; % rig choke opening in %
end
end
md.calc.FlowRateIn=q_p;
md.calc.ChokeOpening=z_c/100;
md.calc.ChokeLineChokeOpening = z_rc/100;
q_p_u(timeCount)=q_p;
z_c_u(timeCount)=z_c;
z_rc_u(timeCount)=z_rc;
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% Rig choke opening in %
z_rc_m(timeCount)=md.calc.ChokeLineChokeOpening*100;
% MPD choke opening in %
z_c_m(timeCount)=md.calc.ChokeOpening*100;
% Mud pump flow rate out in m3/s
q_p_m(timeCount)=md.calc.FlowRateIn;
% Flow rate out of the well in m3/s
q_c_m(timeCount)=md.calc.CalculatedFlowRateOut;
% Pump pressure in Pa
p_p_m(timeCount)=md.calc.CalculatedSPP;
% rig pump flow rate out in m3/s
q_rp_m(timeCount) = md.calc.ParasitePumpFlowRateOut;
% Rig choke flow rate out in m3/s
q_rc_m(timeCount)=md.calc.CalculatedChokeLineFlowRateOut;
% Influx flow rate out in m3/s
InfluxFlowrateOut(timeCount)=md.calc.GetSensorValue('ChokeLineSensor_1',
'Measure Point Influx Flowrate');
InfluxFlowrateOut2(timeCount)=md.calc.GetSensorValue('ChokeLineSensor_29',
'Measure Point Influx Flowrate');
% MPD choke pressure in Pa
p_c_m(timeCount)=md.calc.CalculatedChokePressure;
% Downhole pressure in Pa
p_dh_m(timeCount)=md.calc.CalculatedDownholePressure;
% Rig choke pressure in Pa
p_rc_m(timeCount)=md.calc.GetSensorValue('ChokeLineSensor_1',
'Measure Point Pressure');
p_rc_m2(timeCount)=md.calc.GetSensorValue('ChokeLineSensor_29',
'Measure Point Pressure');
% Bit depth
h_bit_m(timeCount)=md.calc.CalculatedBitDepth;
% Downhole ECD in m
ecd_dh_m(timeCount)=md.calc.CalculatedDownholeECD;
p_a50m(timeCount)=md.calc.GetSensorValue('AnnulusSensor_50',
'Measure Point Pressure');
p_a100m(timeCount)=md.calc.GetSensorValue('AnnulusSensor_100',
'Measure Point Pressure');
p_a1500m(timeCount)=md.calc.GetSensorValue('AnnulusSensor_1500',
'Measure Point Pressure');
p_a1550m(timeCount)=md.calc.GetSensorValue('AnnulusSensor_1550',
'Measure Point Pressure');
p_a2000m(timeCount)=md.calc.GetSensorValue('AnnulusSensor_2000',
'Measure Point Pressure');
p_a2010m(timeCount)=md.calc.GetSensorValue('AnnulusSensor_2010',
'Measure Point Pressure');
p_a2011m(timeCount)=md.calc.GetSensorValue('AnnulusSensor_2011',
'Measure Point Pressure');
p_a2100m(timeCount)=md.calc.GetSensorValue('AnnulusSensor_2100',
'Measure Point Pressure');
p_a2150m(timeCount)=md.calc.GetSensorValue('AnnulusSensor_2150',
'Measure Point Pressure');
p_a2200m(timeCount)=md.calc.GetSensorValue('AnnulusSensor_2200',
'Measure Point Pressure');
p_a2290m(timeCount)=md.calc.GetSensorValue('AnnulusSensor_2290',
'Measure Point Pressure');
p_a2291m(timeCount)=md.calc.GetSensorValue('AnnulusSensor_2291',
'Measure Point Pressure');
p_a2300m(timeCount)=md.calc.GetSensorValue('AnnulusSensor_2300',
'Measure Point Pressure');
md.calc.Step();
end
 
 
